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Preface
Historical and Cultural Background to Plant Food Allergies
PAUL J. DAVIS 
This book is concerned with a paradox of immense, potentially life-threatening signif-
icance to about 1 in 100 adults and nearly 1 in 10 children, within the European
Union. The paradox is that certain nutritious proteins from wholesome foods can act
as if they were harmful, sometimes deadly, poisons to otherwise normal people
unfortunate enough to possess a food allergy. And, although immunologists have
been occupied with the whole problem of allergy throughout the twentieth century,
we enter the twenty-first century with a vast number of questions still unanswered.
Whilst the lives of food-allergic patients have certainly been improved through the
understanding gained so far, an allergic individual is still haunted by the ever-present
threat of inadvertent exposure to the allergen – an event that could have devastating
consequences. The impact of this constant fear on the lives of caring parents with a
food-allergic child, for example, is immense, and can only be appreciated by those
who have experienced at first hand the torment involved. There can be no doubt that
food allergy is a major, unsolved problem of great economic, social and personal sig-
nificance. And the problem is getting even worse, because of the current trend in the
developed world for an increasing diversity of foods to be routinely available, with an
ever-increasing variety of complex recipes and formulations. 
So, there is still much to do, and the EU-funded European network, called
PROTALL, brought together over 30 scientists with a particular blend of expertise
relevant to studying the complex problems of food allergy. In order to shed new light
on this persistent problem, the network deliberately combined the diverse insights of
clinicians, food scientists and plant biologists, with a focus on the relationship between
the allergenic potential of plant food proteins, their molecular structures, their biological
activities, their processing history and their interactions with other food components,
such as fats. Such diverse groups of experts are rich sources of creative insights and
fresh thinking – a far cry from the old, restricted membership of the New York
Allergy Roundtable Discussion Group founded between the World wars. Typical of
the attitudes of the time, this august and ground-breaking body was restricted entirely
to clinicians until 1949, when the first basic scientist, Merrill W. Chase, PhD, was
admitted! 
The PROTALL network concluded at the end of 2000, and this book is largely
based on the outcome of its investigations. Whilst the literature is rich with informa-
tion on the topic of food allergy, this is the first book to present a coherent account of
plant proteins as allergens to humans. It begins to make sense of why some types of
proteins are more allergenic than others, and provides a unique source of information
on particular groups of proteins in relation to their structure, function and phylo-
genetic relationships. These insights can bring us closer to the elusive but much to be
prized ability to predict the allergenicity of food proteins. The mysteries are gradually
being unravelled by identifying key physicochemical properties common to known
allergens and by working out which particular chemical structures (epitopes) are
x PREFACErecognised by immunoglobulin E (IgE) antibodies. These types of study have already
shown that if a protein is stable through processing (e.g. acid and heat-treatments) and
resistant to digestion, it is more likely to be an allergen than one that is easily degraded.
Usually, food allergy research has (for very good reasons) involved the use of
purified proteins, following the typical reductionist approach that helps to make sense
of complex problems. But now it is time to move on, for this grossly simplified
situation does not resemble that which results from the ingestion of food as eaten,
when complex mixtures of proteins, usually in a highly processed form, interact
together and with other food components during cooking, eating and digestion. For
example, lipid-binding proteins will normally be associated with lipids when they
occur within food, rather than being in a free state or dissolved in water. For this
reason, the PROTALL studies have included investigations of the interactions and
fate of key proteins within realistic mixtures and processes, thus getting to grips with
what actually happens in food. 
It is important to appreciate that the allergic reactions studied in this project relate
to the most common and easily diagnosed food allergies, known as Type I-hyper-
sensitivity reactions. It includes neither the less clear-cut condition defined as food
intolerance, nor those adverse reactions caused by other immunological and toxico-
logical mechanisms. Type I-hypersensitivity reactions are mediated by IgE antibodies,
and have a rapid onset and, usually, a brief duration. Judged by the vanishingly small
amounts of IgE in the serum, IgE would have seemed an insignificant player in the
complex drama of the immune system. But the low serum levels of IgE are very
deceptive, for most of the IgE in the body is to be found on the surface membranes of
the vast population of mast cells in the tissues and basophils in the blood, held in
place by specific receptors. More dramatically, the true significance can be judged by
the overall effects on the whole body. 
So what are these effects, usually summarised rather blandly as the allergic reaction?
It was Carl Prausnitz and Heinz Kustner, two clinicians at the Institute of Hygiene in
Breslau, who first began to make the link between an undetectable serum component
and the symptoms of food allergy (termed by them supersensitivity), when they
published in 1921 a remarkably insightful paper that brought about a step change in
understanding [1]. They were intrigued by the observation that Kustner was super-
sensitive to cooked fish (not raw), and decided to undertake some bold, novel experi-
ments in order to shed light on this mysterious idiosyncrasy. The closely observed,
meticulously described account of Kustner’s reaction on eating the merest trace of
marine or freshwater fish is as good an account of the symptoms of food allergy as
any that have been written, and it is repeated it here, exactly as translated by Prausnitz,
himself [2], from the original German:- 
After half an hour there is itching of the scalp, neck and lower abdomen, with a dry
sensation in the throat; soon afterwards, there is swelling and congestion of the con-
junctivae, severe congestion and secretion of the respiratory mucous membranes,
intense fits of sneezing, irritating cough, hoarseness merging into aphonia and
marked inspiratory dyspnoea. The skin of the entire body, especially the face,
becomes highly hyperaemic, and all over the body there are numerous very itching
wheals, 1–2cm large, which show a marked tendency to confluence. Increased
PREFACE xiperspiration has not been noted. After about 2 hours, heavy salivation starts and is
followed by vomiting, after which the symptoms gradually fade away. Temperature,
cardiac and renal functions have always been normal. After 10 or twelve hours, all
the symptoms have disappeared; only a feeling of debility persists for a day or so.
After each attack, there is a period of oliguria and constipation; this may be due to
dehydration and vomiting, but perhaps it is better explained by retention of water
similar to what occurs in serum sickness. 
Despite this dramatic sequence of events, they concluded that, although they could
not identify the cause (there were no detectable precipitins nor complement-binding
and neutralising antibodies), the effect could be transferred with the serum. This
meant that when a little of Kustner’s serum was injected into the skin of Prausnitz,
a typical wheal and erythraema reaction occurred at the injection site, when appropri-
ate allergen was locally administered 24 hours later. To their surprise, this local
hypersensitivity persisted for more than four weeks, leading to the conclusion that the
transferable serum factor was binding to the cells in the injection site. They were, of
course, transferring without knowing it, human IgE. 
At last, Prausnitz and Kustner were beginning to shed light on this mystery for,
even though they had not demonstrated the nature of the allergy-causing agent, the
effect bore all the hallmarks of an antibody, as shown in other antibody-dependent
passive transfer experiments known at the time. The name of Prausnitz continued to
be associated with allergy research and diagnosis for many decades, partly because
the Prausnitz–Kustner test (or P–K test), derived from this classic experiment, became
a standard investigative tool, until it was appreciated that the risk of transferring hepa-
titis with the test serum was too great to justify its use. But there was another way in
which Prausnitz came to exercise a benign and helpful influence on the international
allergy research community, which adds a fascinating footnote to the history of
allergy research. During the 1920s and 1930s he enjoyed a sparkling academic career
in Germany, holding the Chair of Hygiene and Bacteriology in the University of
Breslau from 1926–1933 and becoming Director of the State Institute of Hygiene. His
next move was almost certain to have been to the Prime Chair of Bacteriology in
Berlin but, finding it impossible to live and work under the curse of Nazism, he
and his family moved to England, where he had a license to practise medicine. After
just a couple of difficult years performing research on respiratory dust disease in
Manchester, he chose a completely different career path and became a country GP at
Ventnor on the Isle of Wight. At this point, he adopted his mother’s family name and
he became known locally simply as Dr C.P. Giles, earning the epitaph of beloved
physician. He worked in this role until about 1960, and the author is privileged to
have been one of his patients in childhood on the Isle of Wight. At the local level,
very few of his patients knew of the academic stature of this great man in their midst,
but he did sometimes attend meetings of the influential Collegium Internationale
Allergologicum in the 1950s, where he was known affectionately as Father Giles [3].
A photograph taken at this time is shown in Fig. 1, together with a photograph taken
at the height of his academic career when he was about 50. He continued to exercise
a wise and helpful influence on allergy research throughout his years on the Isle of
Wight, recognised by the fact that he was invited to write the Foreword of the first
xii PREFACEedition of the hugely influential book Clinical Aspects of Immunology by Gell and
Coombs, which appeared in 1963, a few weeks after his death. Not only had he writ-
ten the Foreword, but also he had read all the proofs and made many helpful sugges-
tions. It is fascinating to observe that the Isle of Wight has now become well known
again in the area of food allergy research, with the long-term child population studies
that are conducted there. Prausnitz would have been delighted by this work, and it
seems fitting that it should take place in the locality he had chosen to make his home.
It might have seemed that the progress made by Prausnitz and Kustner in 1921 was
well overdue, for the symptoms experienced by Kustner had first been seen by
Magendie in 1839 [4], when he observed the sudden death of dogs resulting from
repeated injections of egg albumin. The same basic effect was rediscovered in 1902
when two French clinicians, Portier and Richet [5] observed similar effects when
trying to prepare an antitoxin against jellyfish venom from the Portuguese man-of-war.
In model experiments with toxin from sea anemones, they found that immunised dogs
developed a rapid sequence of allergic symptoms (recognisable now as anaphylaxis),
when challenged several weeks later with an identical sub-lethal injection. It was
these two workers who coined the term anaphylaxis (greek, ana-against and phylaxis-
protection), and in 1913 Richet was awarded a Nobel prize for his work on this
condition.
Even with these important advances in understanding through the first 21 years of
the twentieth century, the pace of development was not fast. It was not until the mid-
1960s that the husband and wife team of Kimishige Ishizaka and Teruko Ishizaka [6]
in the USA and Johanssen & Bennich [7] in Sweden would identify this elusive class
of antibody, which became known as IgE (deriving the E from erythaema). Subsequently,
Fig. 1 Carl Prausnitz in 1926 at the age of 50 (left) and Carl Prausnitz-Giles as a country GP at Ventnor 
on the Isle of Wight in 1955 (right). By permission from Karger, S., Basel, A.G. & Coombs, R.R.A. (1973) 
Int Arch Allergy Appl Immunol 45, 1–22.
PREFACE xiiiit became possible to work out the immunological mechanisms and pharmacological
pathways involved in human allergy, leading to our present awareness of the way in
which IgE antibodies bind tightly to basophils and mast cells, where they in turn bind
their specific allergens (Fig. 2). When the allergen is multivalent, it binds simultaneously
to several IgE molecules, thus cross-linking the antibodies involved. Such cross-linking
triggers an intracellular signal cascade that causes the basophil, or mast cell, to
degranulate, resulting in the release of histamine and other pharmacologically active
agents that together directly cause all of Kustner’s symptoms, so clearly described
in 1921. 
Now that we have a more complete knowledge of the fine structure and mode of
action of IgE, we are still left with the deeper question of its purpose. Why has such
a dangerous and apparently unhelpful mechanism evolved? What is the benefit of
IgE-mediated reactions? Perhaps, the clearest answer to these questions can be seen in
the role that IgE and its related accessory mechanisms (especially eosinophils, which
also increase in number during allergic reactions) play in the response to helminth
(worm) parasites. The exact role of IgE in the protective immune response to these
types of parasite is still not fully clear, but the association between worm infections,
elevated levels of IgE and dramatic increases in the eosinophil population of blood
has long been known [8]. It has been shown that eosinophils can actually bind to the
surface of parasites through worm-specific IgE, whereupon they degranulate and
damage the target parasite through the released biochemicals [9]. Clearly, the kind of
immune response involved in a Type I allergy is deeply involved in anti-parasitic
reactions, and IgE working in concert with eosinophils and other factors seems to
have a particular ability to take on the difficult problem of killing large parasites.
Allergen
Degranulation (mediator release)
IgE Fc ε Ιreceptor
Fig. 2 Diagrammatic representation of IgE-mediated degranulation of mast cells. Four individual 
IgE antibodies are depicted in a form in which each domain (about 110 amino acids) is represented by 
an oval. The IgE antibodies are anchored to the mast cell membrane by high affinity Fc ε I receptors. 
Two of the antibodies are shown binding to two different epitopes on a polyvalent allergen – 
a situation in which the antibodies are said to be crosslinked. This effect (crosslinking) causes a signal 
to be transmitted into the cell, with the result that the preformed granules (containing histamine and other 
pharmacologically active ingredients) are caused to expel their contents to the outside. Other (short- and 
longer-term) changes take place as a consequence of the allergen binding, including changes to the lipid 
composition of the cell membrane and the induction of certain genes.
xiv PREFACEIt seems likely, therefore, that a food allergy is a misplaced anti-parasitic response,
exacerbated by the solubility and rapid systemic spread of the absorbed allergen. The
freedom from parasitic infection enjoyed in our modern, hygienic life style means that
our elaborate anti-parasitic defences are standing by with nothing to do, and become
too readily available for inappropriate engagement with innocuous dietary proteins.
Perhaps, the tendency to develop allergies is an unwelcome legacy of our parasite-
ridden evolutionary history. Such a view fits well with the current theory of hygiene
and its unhelpful effect on the incidence of allergy in the western world. In this view,
IgE is the central player in a powerful compartment of the immune system that is
more adapted to primitive living than life in an advanced, modern society. Almost
certainly, however, this is too simple a view and many other activities of IgE are
being discovered, all of which lock it into the overall, integrated immune system.
Its special functions are turning out to be essential to the normal functioning of the
system as a whole. 
Whatever the raison d’etre of IgE, we have to come to terms with it – at a personal
level for allergic individuals – at a society level in support of a compromised group of
people and at a professional level for the medical and research communities, as we
search for greater understanding and practical solutions. In addition, the food industry
and catering services have to understand and implement policies and procedures that
safeguard allergic consumers, especially through labelling and rigorous standards in
manufacture and distribution. All of this carries a major cost, but the cost of doing
nothing would be far greater. 
But, for the future, the most urgent need, surely, is to invest in research, so that new
ways to reduce allergenicity can be discovered and new therapies can be put in place.
Already, there are promising new possibilities in the form of peptide vaccines, tolero-
genic routes via oral vaccination and other forms of immunomodulation. Perhaps,
there will be fresh hope for sufferers of food allergy early in this new century, but it
has to be recognised that, so far, the vastly improved understanding of the molecular
and cellular mechanisms underlying allergy gained through the last century has done
little to improve their quality of life. 
The understanding gained through the PROTALL programme is an important
further step forward. It is only through taking such scientific steps that we shall be
able to make substantial progress, building on the past, and preparing the way with
new knowledge and shared insights. Perhaps we shall at last be able to rid mankind of
this poisoned inheritance, and use our knowledge to command and control our errant
immune systems. 
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1 Food Allergies: Clinical and Psychosocial Perspectives
MONTSERRAT FERNÁNDEZ-RIVAS and SUSAN MILES 
1.1 Definitions and classification 
The lack of universal agreement on definitions and diagnostic criteria has made food
allergy one of the most controversial and difficult areas among allergic diseases. The
term adverse reaction to food applies to any clinically abnormal response induced by
the ingestion, contact or inhalation of a food (or a food additive). It comprises a wide
spectrum of clinical entities with different pathomechanisms, diagnostic procedures
and therapeutic options. The first attempt to standardise definitions came in 1984
from the American Academy of Allergy and Immunology, and the National Institute
of Allergy and Infectious Diseases [1]. Adverse food reactions were classified into
food allergy (hypersensitivity) and food intolerance, depending on the existence or not
of an underlying immunological mechanism, respectively. In 1995, the European
Academy of Allergology and Clinical Immunology (EAACI) subcommittee on
adverse reactions to food proposed a slightly modified classification based on mechan-
isms, which is shown in Fig. 1.1 and discussed below [2]. 
Adverse reactions to food can be divided into toxic and non-toxic reactions depend-
ing on whether the abnormal clinical response relies upon the food itself or upon the
individual susceptibility to a certain food, respectively. Toxic reactions will occur in
any exposed individual provided that the dose is high enough. Non-toxic adverse
reactions are either immune mediated or non-immune mediated. The term food
allergy refers specifically to the immune-mediated adverse reactions, whereas the
term food intolerance should be used only in non-immune-mediated reactions [2].
Recently, the EAACI has proposed replacing the term food intolerance by non-allergic
food hypersensitivity [3]. 
Food allergy can be further divided into IgE- and non-IgE-mediated reactions. Food
allergens are therefore the antigenic molecules which induce the immunologic
response. The role of type I, IgE-mediated reactions in food allergy has been well
established and proven to be causative of clinical symptoms by double-blind,
IgE mediated Non-IgE mediated
Immune mediated 
FOOD ALLERGY
Enzymatic Pharmacologic Undefined
Non-immune mediated
FOOD INTOLERANCE
Non-toxic Toxic
Adverse reactions to foods
Fig. 1.1 Classification of adverse reactions to foods.
2 PLANT FOOD ALLERGENSplacebo-controlled food challenge (DBPCFC). Other immune-mediated mechanisms
incriminated in food allergy may play a role but they have not yet been conclusively
proven [2].
Food intolerance is divided into enzymatic, pharmacologic and undefined. Enzymatic
food intolerance is due to deficiencies of enzymes involved in food metabolism. The
most common is secondary lactase deficiency which affects most of the adult world
population. Pharmacologic food intolerance is due to substances normally present in
some foods, such as the vasoactive amines, histamine and tiramin, to which some
individuals are abnormally reactive [2]. 
This chapter will deal with IgE-mediated food allergic reactions. Most of them are
induced by the ingestion of the food, but they can also be elicited through skin contact
or inhalation. 
1.2 Epidemiology 
The general population perceives food allergy as a major health problem, although
only a minority of the claims can be confirmed by controlled oral challenges. Recent
population surveys have provided some insight into the prevalence of food allergy.
It is generally accepted that food allergy affects 1–2% of the general population, and
up to 8% of children less than three years of age [4–12]. 
The prevalence of self-reported food allergy and intolerance was studied by means
of a standardised questionnaire in 17 280 adults from 15 countries who took part in the
European Community Respiratory Health Survey (ECRHS) [4]. Twelve per cent of
respondents reported food allergy/intolerance; however, significant differences were
observed among the countries, with a range of 4.6% in Spain to 19.1% in Australia.
A population study conducted in France has estimated a prevalence of food allergy of
3.2% [5]. In three consecutive surveys of 5000 American households, 14–16.6%
of the respondents reported that at least one family member had a food allergy [6].
In a survey of 7500 households in the UK, approximately 20% reported an adverse
food reaction. A subset of those reporting symptoms agreed to a DBPCFC study to
confirm their complaints: 19.4% had a positive response, suggesting an overall preva-
lence of 1.4–1.8% [7]. In the Dutch adult population, self-reported food allergy and
intolerance was found to be 12.4%, whereas its true prevalence established by
DBPCFCs was 2.4% [8].
The prevalence of food allergy is higher in children, especially in the first three
years of life. In a prospective study of American children of up to three years, 28%
had experienced at least one adverse reaction to food, but the reaction was confirmed
by oral challenges in only 8% [9]. Similar results were found in Finnish children aged
one to six years: 23% reported adverse reactions to food, but this was confirmed in
8% [10]. In contrast, in a recent study performed in children aged 18 months from
Iceland and Sweden, the prevalence of food allergy confirmed by DBPCFC was 2%
[11]. In a study conducted among infants and children up to two years in Israel, the
prevalence of IgE-mediated food allergic reactions was estimated to be 1.2% [12]. 
In summary, perceived adverse food reactions overestimate true food allergy, both
in children and in the general population. The wide variable prevalences of food
FOOD ALLERGIES: CLINICAL AND PSYCHOSOCIAL PERSPECTIVES 3allergy across the studies may be partly explained by differences in the study design
and diagnostic criteria. The contribution of population-related factors such as genetic
background, cultural and dietary habits, exposure to highly allergenic foods early in
life, deserves further epidemiological studies. 
The prevalence of food allergy is higher in patients with atopic diseases, particularly
in children with atopic dermatitis. Approximately 40% of children with mild-to-moderate
atopic dermatitis have a food allergy [13]. Atopy is an important predisposing factor in
those food allergies arising in early infancy. Indeed, food allergy seems to start the
allergic march from atopic dermatitis to allergic rhinitis and asthma. This is supported
by the finding that food allergy in infancy, particularly egg allergy, is associated with
increased aeroallergen sensitisation and increased allergic rhinitis and asthma in
childhood [14, 15]. 
The prevalence of specific food allergies has been investigated in a number of
cross-sectional studies conducted in children and adults from different countries,
some of which are presented in Table 1.1 [5, 7, 8, 10–13, 16–23]. The most prevalent
food allergens are milk, egg, peanut and tree nuts, fish, shellfish, soy, wheat, fruits
and legumes. The relative importance of these foods varies widely with the age of the
patients and the geographical location. Cow’s milk and egg are the most prevalent
food allergies in infants and children in all series. This reflects the worldwide con-
sumption of these foods in this age group. Peanut allergy is frequently observed in
early childhood in the USA where peanut butter is widely consumed. Allergy to fish is
common in countries such as Spain [18, 22] and Japan [23] with a high consumption
of fish. In Spain, fish is introduced in the child’s diet around the age of 12 months,
and the onset of fish allergy is predominantly observed before the second birthday
[18, 22]. These studies suggest that, when the sensitisation is produced through the
oral route, the timing of exposure and the dietary habits play a significant role in
determining specific food allergies. 
The overall prevalence of food allergy and the prevalence of allergies to specific
food changes from children to adults due (in part) to the development of oral tolerance
for some foods after an elimination diet. In a prospective study conducted in Danish
infants, the prevalence of cow’s milk allergy in the first year was around 3%, but
nearly 85% lost their reactivity by the age of three years [24]. Egg allergy is often lost
over time, as is fish allergy although to a lesser extent. However, tolerance to peanut,
nuts and shellfish is infrequently developed, and these food allergies are generally
considered life long [13, 19, 25, 26]. Food allergies may disappear in adults after an
elimination diet [27], but the natural history of food allergies with onset in adulthood
has been poorly investigated. 
Food allergies arising in infants and small children are strikingly different from
food allergies arising in adults, which may appear at any age. Food allergies in
infancy must be regarded as part of the atopic syndrome. The sensitisation occurs
in the gastrointestinal tract, and the allergens involved generally resist the digestion
process. Typical examples are cow’s milk, egg and legume allergies. Oral tolerance can
develop after avoidance [9, 13, 19, 24, 25]. In contrast, most food allergies with onset
in the adult age are linked to inhalant allergies, and they develop as a consequence of
an IgE sensitisation to the aeroallergen which cross-reacts with the food in question.
Several syndromes have been described in relation to birch, mugwort and ragweed
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FOOD ALLERGIES: CLINICAL AND PSYCHOSOCIAL PERSPECTIVES 5pollen allergies, in mite allergic asthmatics, and in patients with respiratory allergies
to bird-derived antigens (bird–egg syndrome). The foods linked to pollen and latex
allergies are of plant origin, mainly fresh fruits, tree nuts and vegetables, while shell-
fish is associated with respiratory mite allergy [28–37]. Since pollinosis is the most
frequent allergy in adulthood, and around 40% of pollen allergic patients present
with an associated plant food allergy (up to 70% in birch pollinosis), vegetable foods
are the most prevalent food allergens in the adult population [29, 38, 39]. The natural
history of the food allergies linked to these cross-reactive syndromes is unknown.
As the sensitisation to the food allergen is not produced through the oral route, the
degree of compliance with the allergen elimination diet would not have an influence
in the likelihood of losing the clinical reactivity in this type of food allergy.
1.3 Clinical manifestations 
IgE-mediated food allergic reactions to ingested food may involve one or more target
organs, including the skin, the gastrointestinal and respiratory tracts, and the cardio-
vascular system. The clinical manifestations linked to immediate food allergic reactions
reported in controlled blinded challenges are listed in Table 1.2 [19, 21, 40]. 
1.3.1 Generalised reactions 
Anaphylaxis is the severest manifestation of food allergy. It is a generalised allergic
reaction that may involve multiple organ systems. It generally occurs within minutes
of food ingestion, and the patients may develop pruritus, urticaria, angioedema,
laryngeal edema, bronchospasm, abdominal cramps, vomiting, diarrhoea, cardiac
arrhythmias, hypotension and shock [26, 36, 41–49]. In the so-called exercise-induced
anaphylaxis, the intake of a specific food or (more rarely) of any food, induces a
generalised reaction only if the patient exercises in the 2–4 hours following the
ingestion [50]. 
Table 1.2 Clinical manifestations of IgE-mediated 
reactions to foods reported in blinded challenges 
Generalised reactions 
Anaphylaxis 
Food-dependent, exercise-induced anaphylaxis
Cutaneous reactions 
Acute urticaria/angioedema 
Food-dependent, exercise-induced urticaria/angioedema
Atopic dermatitis 
Gastrointestinal reactions 
Oral allergy syndrome 
Gastrointestinal anaphylaxis 
Respiratory reactions 
Rhinoconjunctivitis 
Laryngeal edema 
Asthma 
6 PLANT FOOD ALLERGENSFood allergies are the most frequent cause of systemic anaphylaxis seen at emer-
gency rooms, accounting for at least one-third of the cases. The foods most commonly
involved are peanut, tree nuts, fresh fruits, celery, seeds, legumes, seafood, egg and
milk. Fatal food anaphylaxis is more frequently observed among adults and adolescents
[36, 41–49]. 
1.3.2 Cutaneous reactions 
Skin symptoms are the most common manifestations of immediate food allergy
[19, 21, 26, 36, 40, 49]. Acute generalised urticaria and/or angioedema are fre-
quently seen in combination with symptoms of other target organs, but may be present
as the sole manifestation. Sometimes only a generalised erithema, most often pruritic,
is observed. Food-dependent exercise-induced urticaria/angioedema has also been
described. Food allergy is exceptionally involved in chronic urticaria. 
The role of food allergy in atopic dermatitis has been investigated mainly in
children. It has been demonstrated that food allergy is a pathogenic factor in up to
40% of infants and young children with moderate-to-severe atopic dermatitis. Studies
conducted in American children have shown that the foods most frequently involved
are egg (57%), milk (38%), peanut (29%), soy (16%) and wheat (11%). When these
children were placed on an appropriate allergen elimination diet they experienced
a marked improvement of their dermatitis. One-third of these symptomatic food aller-
gies are outgrown in two to three years. The probability of developing tolerance
depends on the food allergen (frequent to soy, rare to peanut) and on the compliance
to the avoidance diet [13, 19, 26, 51]. 
The role of food allergy in atopic dermatitis seen in adolescents and adults is not
elucidated. Studies in adults with severe atopic dermatitis are scarce, but they have
not shown a significant role for food allergy, or success in clearing of skin lesions
during elimination diets [52, 53]. 
1.3.3 Gastrointestinal reactions 
Oral allergy syndrome (OAS) is a form of contact urticaria confined to the lips and
oropharynx. Symptoms generally appear within 5 to 15 minutes following the food
ingestion and consist of pruritus of the lips, tongue, palate and throat; mild
angioedema at the same sites may be associated. Rapid and spontaneous resolution
is seen in most cases, although some patients may develop subsequent digestive
complaints (gastric pain, nausea, vomiting) and/or systemic involvement [32, 54].
The clinical presentation seems to be related to the stability to the digestion process
of the allergens involved [28, 49, 55–58]. 
OAS is most often seen in adolescent and adult patients allergic to pollens of birch,
ragweed, mugwort and grasses. The foods most frequently involved are of plant
origin, generally fresh fruits and vegetables. The basis for these associations is the
existence of cross-reactivity between the pollen allergens and the linked vegetable
foods [28–32, 35, 37, 55, 59–66]. Due to the high prevalence of pollinosis in the adult
population, and its frequent association with plant food allergies, OAS is the most
frequent clinical presentation of food allergy seen in adult patients [29, 38, 39].
FOOD ALLERGIES: CLINICAL AND PSYCHOSOCIAL PERSPECTIVES 7Although epidemiological studies are lacking, OAS appears to have become more
prevalent in the past decades. This can be related to the increase in prevalence of
pollen allergies in western countries [38], and to an increased awareness of this
clinical presentation of food allergy. 
Food allergic reactions at the gastrointestinal tract (also called gastrointestinal ana-
phylaxis) induce symptoms such as nausea, vomiting, abdominal pain and diarrhoea.
They often accompany allergic manifestations in other target organs, but sometimes
may be the only symptoms noted [19, 21, 40]. 
1.3.4 Respiratory reactions 
Rhinoconjunctivitis, asthma and laryngeal edema have been observed during
controlled oral food challenges. It has been documented that food-induced allergic
reactions may induce acute bronchospasm and an increase in bronchial hyperreactiv-
ity [19, 67, 68]. However, these respiratory symptoms are exceptionally seen as the
sole manifestation of food allergy. They are most often seen in patients with atopic
dermatitis, food allergy and associated rhinitis and/or asthma, or in combination with
acute skin or digestive symptoms, generally in the context of an anaphylaxis. Acute
asthma attacks observed in systemic anaphylaxis may be extremely severe, and are
the most frequent cause of death in the reported cases of fatal food-induced anaphyl-
axis [41–44, 48]. 
Some patients allergic to fish, crustaceans and legumes (with reactions after
ingestion) may suffer from rhinitis and asthma induced by the inhalation of the steam
from cooking these foods [69–72]. 
1.3.5 Occupational rhinitis and asthma induced by food inhalation 
IgE sensitisation to foods may be induced by the inhalation of airborne food allergens
in the occupational setting. Many foods of animal and plant origin, such as crust-
aceans, molluscs, fish, egg, poultry, cereal flours, soybeans, castor and coffee beans,
spices, plant enzymes such as bromelain and papain, and fresh vegetables, are known
to induce occupational asthma and rhinitis. Their high molecular-weight allergens can
be dispersed as dust (cereals flours in baker’s asthma), aerosol (fresh vegetables in
homemaker’s asthma) or vapour (crustaceans in the seafood processing industries).
Farmers, workers involved in food processing, manufacturing, transportation, trade or
retailing, cooks, and even housewives, are the population at risk. Epidemiological
data in this farm and food sector are scanty. It is known that occupational asthma
occurs in 3% to 10% of workers exposed to green coffee beans, in 15% of snow crab
processing workers and in 10% to 30% of bakers. These patients frequently present an
associated food-induced contact urticaria or hand dermatitis [72–80]. 
1.3.6 Contact skin reactions induced by foods 
Contact skin reactions induced by foods through an IgE-mediated mechanism may
present as contact urticaria and protein contact dermatitis. Contact urticaria refers
to an immediate wheal and flare response after cutaneous exposure of intact skin.
8 PLANT FOOD ALLERGENSProtein contact dermatitis refers to the chronic, generally hand, dermatitis of food
handlers, who experience immediate reactions when the affected skin is exposed to
certain foods. Workers of food processing industries, food handlers, cooks, house-
wives, farm workers, are at the risk groups. The foods most frequently involved are
raw fish, shellfish, vegetables and fruits. Patients become sensitised by cutaneous
exposure, and some of them may also present an associated food-induced respiratory
allergy [81–83]. 
Most of the (raw) foods to which the patient is sensitised through inhalation or skin
contact do not elicit symptoms when ingested. This can be partly explained by the
modifications of the food allergens induced by cooking and digestion [76, 79–81, 83].
1.4 Diagnosis 
The diagnostic approach to allergic food reactions comprises three steps. The first
step includes the medical history and physical examination. On the basis of symptoms
and timing of the reaction, the physician attempts to identify the suspected food and to
determine whether the reaction is likely to involve an immunologic mechanism. This
first step is absolutely necessary to decide on the subsequent diagnostic tests to be
performed. The second step includes skin tests and in vitro assays, which can confirm
a sensitisation to the food. However, for the conclusive diagnosis of a food allergy it
is necessary to demonstrate, in a third step, by an oral challenge, that the food to
which a sensitisation has been found is responsible for the patient’s symptoms. 
1.4.1 Skin and in vitro tests for determination of specific IgE to foods 
Skin prick tests (SPTs) are most frequently used as the first test to screen for specific
IgE to foods. SPTs are not uncomfortable for the patient, they are easily performed,
quick (the result is available in 15 minutes), safe and cheap. For these reasons they
are the method of choice to demonstrate an IgE response to foods. In vitro tests are
recommended in patients with extensive skin disease, dermographism, who cannot
discontinue antihistamines, or with a history of an extreme sensitivity [2, 25, 84, 85].
The diagnostic accuracy of skin and in vitro tests depends on the quality of the
food allergen extracts. In contrast to aeroallergens, food allergen extracts have not
been standardised [86–91]. The performance characteristics of tests for egg, milk,
peanut, fish, wheat and soy have been extensively studied, particularly in children
with atopic dermatitis. SPTs and CAP to egg, milk, peanut and fish are comparable,
with excellent sensitivity and negative predictive accuracy (most >90%), but poor
specificity and positive predictive accuracy (50–85%). Therefore, a negative test with
these food extracts is a good method to rule out an IgE-mediated food allergy.
In contrast, a positive test is only suggestive of the presence of a clinically relevant
food allergy, and the final diagnosis should rely on an oral challenge [86–90]. How-
ever, a positive test in a patient who has experienced a systemic reaction after the
ingestion of an isolated food should be considered diagnostic [25]. By means of the
Pharmacia CAP system, cut-off points with a 95% positive predictive value have been
FOOD ALLERGIES: CLINICAL AND PSYCHOSOCIAL PERSPECTIVES 9established for egg, peanut, milk and fish. The application of these cut-off points in
clinical decisions can reduce the need to perform DBPCFCs in a significant number
of patients [88, 89].
The diagnostic accuracy of SPTs and in vitro IgE assays for fresh fruits and vege-
tables is poor. The sensitivity of the tests is generally low, as it is shown in Table 1.3
for the Rosaceae fruits, presumably due to the lability of the allergens involved
[32, 91–93]. To overcome this problem the prick–prick test has gained popularity.
In this test the lancet is plunged several times into the food immediately before
pricking the patient’s skin with it [94]. Nowadays, the prick–prick test is the most
sensitive test with fresh foods [91]. It is also useful when there are discrepancies
between a suggestive medical history and a negative SPT with a commercial extract,
or when a specific food extract is not available. The inconveniences of the prick–prick
test are the impossibility of standardisation and the dependence on the availability of
the fresh food. 
Positive SPTs and serum-specific IgE to fruits and vegetables are commonly
seen in tolerant patients. These false positive results are an expression of IgE cross-
reactivity. This is frequently found in pollen allergic patients sensitised to the major
birch pollen allergen (Bet v 1), to profilin or to carbohydrate determinants of glyco-
proteins [28–35, 37, 55, 59–66]. This latter cross-reactive structure seems to hamper
exclusively the specificity of the in vitro assays [95, 96]. To overcome the poor
specificity of tests, clinicians have to confirm clinical reactivity or tolerance by means
of controlled oral challenges. 
In recent years purified, natural and recombinant major plant food allergens
have been applied in diagnosis, with the aim of improving sensitivity, specificity and
reproducibility of in vivo and in vitro tests. The sensitivity of tests performed with
major allergens of Rosaceae fruits is presented in Table 1.3 [97–101]. Available data
of tests performed with recombinant allergens from plant foods such as peanut, celery,
hazelnut, apple, peach, pear and cherry show sensitivities generally higher than 80%.
The combination of several recombinant allergens from the same food increases the
sensitivity [97–102]. 
1.4.2 Food challenges 
SPTs and in vitro IgE assays are useful methods to demonstrate the presence of food
specific IgE antibodies, but they do not establish the diagnosis of clinical food allergy.
The oral challenge is the diagnostic test which provides conclusive evidence of a food
allergy [2, 20, 21, 86, 88–92]. 
Oral food challenges should always be performed after an elimination diet of the
suspected allergens. The resolution of symptoms during the elimination diet suggests
a correct clinical suspicion, which has to be confirmed by an oral provocation. Food
challenges are performed to confirm the diagnosis and recommend a correct elimin-
ation diet. However, in those patients presenting a severe systemic reaction after the
ingestion of an isolated food to which specific IgE is demonstrated, food challenges
are not needed to confirm the diagnosis [25]. As oral tolerance may develop after
a correct elimination diet, particularly in children, longitudinal provocations should
be performed to see if the problem is resolving. 
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FOOD ALLERGIES: CLINICAL AND PSYCHOSOCIAL PERSPECTIVES 11Oral food challenges may be performed openly (patient and physician are aware
of the food ingested), single-blind (only the physician knows the content of the chal-
lenge) or double-blind (neither the patient nor the physician is aware of the content
of the challenge). The blind challenges may be placebo-controlled. The DBPCFC is
considered the gold standard for the diagnosis of food allergy, although the need
to employ it routinely in the clinical setting continues to be debated. DBPCFCs are
required for research studies, chronic disorders such as atopic dermatitis, patients who
appear to have multiple food allergies, and when the patient’s subjective complaints
may bias accurate symptom assessment. The characteristics, advantages and disadvan-
tages of the various provocation procedures are presented in Table 1.4 [90, 103, 104].
Food challenges should be performed in the hospital where emergency care is
immediately available. The food is administered to the patient in fasting conditions,
starting with a dose unlikely to provoke symptoms, according to the eliciting dose
reported in the medical history or in the last positive provocation test. Incremental
amounts of food (double) are given at time intervals slightly longer than expected to
produce symptoms, until a positive reaction appears or the patient eats a normal
amount of the food. For blind tests, foods can be given in capsules (dehydrated) or in
a vehicle which should mask taste, consistency, colour and odour. All negative blind
challenges must be confirmed by an open feeding with normally processed food
[90, 103–106]. 
Open food challenges (OFC) are useful to reintroduce a food in the regular diet
after a lack of response to the elimination diet, and when the SPT is negative, the
history is not suggestive, and the patient has been avoiding the food [90]. OFCs may
be useful as a first step of the provocation procedures. If the OFC is negative, the food
is introduced in the diet. Whenever the OFC is positive, it is recommended to perform
a DBPCFC [2, 90].
Table 1.4 Oral challenge procedures 
DBPCFC: double-blind, placebo-controlled food challenge; OFC: open food challenge; OAS: oral allergy 
syndrome.
Method Characteristics Advantages Disadvantages 
DBPCFC 
with capsules
Dehydrated food
Can be titrated 
Good blinding 
Suitable for additives
Limitations with high 
number of capsules 
OAS is not diagnosed 
Possible modifications 
of food allergenicity 
(labile allergens)
DBPCFC 
with foods
Fresh food 
Can be titrated
Suitable for OAS 
Normal route of administration
Laborious, resource 
demanding 
OFC with foods Fresh food 
Can be titrated 
Reproduces normal feeding 
Easily performed 
Performed after a negative DBPCFC 
confirms oral tolerance in normal 
feeding
Gives confidence to the patient upon 
food tolerance 
If negative, DBPCFC is not needed
Risk of false positive 
results
12 PLANT FOOD ALLERGENS1.5 Treatment 
The only proven therapy in food allergy is the strict avoidance of the offending food.
Elimination diets, particularly if a large number of foods are involved, may lead to
eating disorders and malnutrition. Dietician supervision may be necessary, particu-
larly in growing children. In order to avoid accidental exposure to a hidden allergen in
a processed food, patients (or their parents) should check the labels and should be
aware of the different names the same food can be given in ingredient lists [107–109].
Clinical reactivity to a food is generally very specific and patients are not generally
allergic to more than one member of a botanical family or animal species [93, 108, 109].
However, if the tolerance of closely related cross-reactive foods has not been assessed
after a confirmed diagnosis to a member of the family, the patient should be instructed
on the possible danger related to cross-reactivities. Meals at school, restaurants or
friend’s homes may be dangerous. As will be discussed below, elimination diets
require constant vigilance and may restrict social activities. Psychological support for
the patients and their families should be considered. Associations of food allergic
patients provide extensive information and social support, and may be of great help
[107, 110, 111]. 
Given the difficulty of avoiding food allergens, patients are at risk of experiencing
allergic reactions due to accidental food ingestion. All the patients should be trained
in the early recognition and treatment of reactions, and given rescue medication.
If they are at risk for severe anaphylaxis they should be instructed on the self-injection
of adrenaline and carry it. School staff should be informed of the children’s allergies,
and know how to treat a reaction [107, 110, 111]. 
1.6 The impact of food allergies on quality of life 
The impact of allergic diseases is dissimilar to many other diseases as, except for
a small number of people, allergic diseases are rarely fatal. Instead they adversely
affect quality of life for a prolonged period. Quality of life encompasses factors such
as health, financial security, standard of living, family and friends, and spiritual
contentment [112, 113]. Health-related quality of life (HRQL) is the individual’s per-
ception of the effects of an illness, and its treatment, on him/herself. It includes
aspects of physical, psychological and social well-being [114]. 
Studies in the UK, examining admissions and discharges with anaphylaxis as the
primary diagnosis, have indicated that there has been an increase in anaphylaxis in
the last decade [115, 116]. Around a third of anaphylactic cases are food-induced.
It should be noted that many cases of anaphylaxis are likely to be managed in accident
and emergency departments, without resulting in admission; as a result these studies
may represent a substantial underestimate. Somewhat reassuringly, Macdougall et al.
[48] found that, in children, the risk of death is small (approximately 1 in 800 000
per year). The risk was greater in the 10–15-year age group than in children under
ten years. It was also greater for allergic individuals experiencing both food allergy
and asthma, than for just food-allergic individuals. Prevention of food-induced
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specific food allergen [43]. 
1.6.1 Vigilance and stress 
Food allergies, particularly in children require constant vigilance, which can be
a source of stress [117]. For example, allergic individuals (and their families) need to
recognise the signs of inadvertent ingestion, including anaphylaxis, and they may
need to learn how to provide emergency treatment. Parents of food-allergic children
need to monitor their child’s diet and behaviour more closely than parents of non-
allergic children. Furthermore, labels need to be checked all the time in case manufac-
turers have changed the ingredients, and food-allergic individuals need to be able to
recognise all forms of the allergen. 
Mandell et al. [118] note that the parents of food allergic children alternate between
a state of low anxiety and one of high anxiety. During times of high anxiety, family
members report experiencing a dysfunctional level of stress and fear. However, when
it is too low, family members do not necessarily exercise sufficient avoidance behav-
iour, or emergency preparedness. Increased anxiety can be due to circumstances such as
an incident of accidental exposure, the discovery of new information about a potential
risk (such as news of incorrectly labelled food) and developmental changes that
potentially expose the child to increased risk (such as increased independence). During
anxious periods, vigilance is also high. 
Care of an allergic child can interfere with parental employment, in that employment
may be reduced, ceased or not started. Also parents of allergic children may accom-
pany their children in social situations where non-allergic children may come alone,
which could be awkward for the allergic child and impact on its social development
[119]. An allergic child in the family may also impact on the family relationship. For
example, parents may become anxious and overprotective of the allergic child. They
may even feel guilty, or hostile towards the child. Furthermore, siblings may be
deprived of needed attention, which may cause resentment [113]. Allergic children
may feel negatively about the restriction in their activities, such as participation in
school trips [118]. 
Primeau et al. [120] assessed quality of life in the family relations of both adults
and children with peanut allergy compared to those with rheumatological disease.
They found that peanut allergic individuals were significantly more disrupted in their
daily activities and more impaired in their family relations than those with rheumato-
logical disease. This is supported by the findings of Sicherer et al. [121] who found
that childhood food allergy had a significant impact on: perception of overall health
and illness, distress and worry experienced by parent, limitation and interruption
in usual family activities, and family tension as a result of the child’s health. Food
allergies in children can also lead to absence from school [122], which may impact on
educational development. 
The allergic individual will have considerably fewer choices than non-allergic
individuals, which can also be a source of stress as well as being inconvenient. For
example, they may not be able to eat out where they choose, the increasing use of
precautionary labelling will limit their food choices (discussed below), and their
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negative impact on self-perception [123]. 
1.6.2 Financial costs of food allergy 
There can be an impact of allergy on an individual’s working life. For example,
allergic conditions may lead to work absenteeism. This includes, sick days because of
the allergic condition, family members having to take time off to care for an allergic
individual, and time off because of a work-related injury related to the condition or
medication used to control it [124]. Related to this, allergic individuals may suffer
restricted activity days; this is where individuals are limited in their activity by their
allergic condition. It is usually the result of uncontrolled or poorly controlled symptoms.
Furthermore, allergic individuals may find that they are unable to work regular hours
or overtime, or that they lose promotion opportunities. They may have to shift from
full-time to part-time employment, or to jobs that are less physically demanding [125].
People suffering from allergic diseases may also experience a total loss of employment;
due to qualifying for total work disability or from taking early retirement [125]. Such
an impact on employment may have an adverse effect on the allergic individual’s
income. 
Additional costs incurred by the allergic individual and his/her family may include
the financial loss associated with early mortality, loss of education and reduced long-
term career attainment [126]. Further costs may be associated with allergen avoidance
measures (such as special diets or environmental adaptations), alternative medicines
and requiring home help (such as child care). Most of the work investigating the
economic impact of allergy has been focused on asthma and allergic rhinitis; however
many of the same costs, such as those described above, will appropriate for food
allergies. 
1.6.3 The impact of inadequate labelling 
The potential for exposure to common allergens can occur on a daily basis. As avoid-
ance is the only effective means to prevent allergic reactions to foods, constant
monitoring of food consumption is necessary. This means that allergic individuals and
people who shop for them must rely on ingredient labels to select safe food. Labels
must be complete and accurate [127]. Mistakes have the potential to be fatal. How-
ever, current labelling regulations do not require that every ingredient in a product
be declared. For example, in Europe, the components of a compound ingredient
present in the final food product at less than 25% do not need to be labelled. In the
White Paper on Food Safety, the European Commission announced its intention to
propose an amendment to the Labelling Directive 2000/13/EC. In particular, this
amendment aims to abolish the 25% rule. It will also establish a list of ingredients
liable to cause food allergies or intolerance that will be labelled. Taylor and Hefle
[127] note that whilst all of these recommendations are positive and will be helpful
to food-allergic consumers, each individual country must adopt these recommended
regulations before they can be enacted. At the time of writing, this amendment is
under consideration. 
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consumers, and can result in accidental ingestion of hidden allergens. One issue is that
of misleading labels [128, 129]. One such labelling problem relates to ingredient switch-
ing, where manufacturers change the recipe, or switch ingredients without making this
clear on the label. Such changes should be highlighted on the packaging [130].
A second problem is the use of complex or uncommon terms, or symbols to describe
allergens, for example whey instead of milk. Common, easily identifiable names
should be used to describe ingredients that may be allergenic [130]. The use of ambigu-
ous terms such as natural flavours or spices is also problematic. Allergens should be
declared when they are present in spices or natural flavours [129]. The IGD/PIC Food
Labelling and Consumer Information Steering Group voluntary guidelines for the UK
food industry recommend that common allergens should always be labelled in the
ingredients list [130]. 
Mistakes can also arise from errors in reading the labels. Joshi etal. [129] investi-
gated the accuracy with which parents who were restricting their children’s diets
because of food allergy were able to identify the restricted foods on food product labels.
They found that the parents made numerous mistakes when reading product
labels. Particularly problematic were products containing soy and milk, with 78% and
93% (respectively) unable to identify the offending allergen. Nearly half of the parents
of peanut allergic children were not able to identify peanut in all the samples of food
products containing peanut. The authors also found that almost half the parents had
needed to contact manufacturers to assist with the interpretation of food ingredient
labels prior to the study. Other authors also found evidence that warnings specifically
related to nut contamination are difficult to read, due to problems such as shiny paper,
small fonts, or the warnings being away from the ingredient information [131, 132].
There is also scope for accidental ingestion due to the contamination of safe food.
For example, if the same serving utensil is used for different foods or if a manufacturing
plant uses the same equipment to make different products without adequate cleaning.
Contamination may also occur if the same oil is used to cook chips and fish, or if the
same slicer is used to cut both meat and cheese at a deli counter [128]. 
Schäppi et al. [133] investigated the presence of hidden allergens in food products,
and found that of 46 samples (cereals, cereal bars, cookies and various types of
snacks), 19 were shown to contain undeclared peanut material. Reasons for cross-
contamination of peanut-free products included: contaminated raw materials, common
transport containers for peanuts and other foods, a lack of separate production lines
and equipment for peanut-containing and peanut-free foods, processing of peanut-free
products immediately after peanut-containing products, unsafe rework-management
and insufficient cleaning steps. 
The potential for accidental ingestion may be even more of a problem when eating
out, where ingredient statements are not readily available, and staff lack the know-
ledge needed to assist the food-allergic consumer. Furthermore, there is a tendency
for food-allergic individuals to self-manage their allergy when eating out, in other
words, they do not tell the restaurant staff that they are allergic to a particular food,
believing that they can recognise problem dishes [134]. 
Many of the most severe food-allergic reactions occur outside the home. Eigenmann
and Zamora [134] found that food-induced anaphylactic reactions in adults and
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the site of leisure activities, at work, in church, in hospital wards and in food stores.
Allergic reactions at school can occur even when children are provided with food to
eat by their parents and are not allowed to eat anything else, or swap food with their
friends [135]. A study conducted in French schools indicated that over a third of reac-
tions to food were due to the inadvertent ingestion of the food or of a hidden allergen
[111]. For these reasons, it is critical that schools are able to recognise and treat allergic
reactions, as it is clear that reactions can occur in schools even where every effort is
made to minimise the risk. However, there is evidence that food allergy awareness in
schools can be low. In a questionnaire study conducted in the US, Rhim and McMorris
[136] found that there was a lack of structured, school-wide staff education on food
allergies, there were also gaps in avoidance measures such as reading of food labels,
a lack of written emergency treatment plans and a lack of immediate accessibility
of emergency epinephrine. Nowak-Wegrzyn et al. [135] also found that the onus on
food allergy education for staff fell to the parents. This can be problematic if the par-
ents only talk to the child’s teacher. Details of allergen avoidance, how to recognise
inadvertent ingestion and treatment need to be widely communicated amongst the
school staff. 
1.6.4 Precautionary labelling 
A further issue relates to anecdotal evidence of frustration with the increasing use
of precautionary labelling, such as may contain labels [117, 132, 137]. Some food-
allergic individuals believe that this labelling is over-inclusive and designed to cover
liability for contamination when the risk is probably very small. Hourihane [137]
notes that such precautionary labelling may appear on products that food-allergic
individuals have eaten safely for many years (perhaps due to changes in manufactur-
ing processes). On the basis of safe previous consumption, individuals may consider
the risk acceptable and continue to eat the product. There is evidence that peanut-
allergic consumers take longer to shop than non-allergic consumers, pay more for
their food shopping, and have less choice in the food available to them [132, 138].
Such a situation can add to the inconvenience and stress already experienced by the
food allergic individual. 
Widespread use of precautionary labelling can be an important barrier to allergic
individuals leading a normal life, particularly when such labelling is found on everyday
staples. McCabe et al. [131] assessed three common food products (cereal, biscuits
and confectionary) in four major retail supermarket stores in the UK. They inspected
630 food products and classified them according to nut risks: 15% marked as containing
nuts (obvious nut content); 25% were nut-free (no trace of nuts noted on product
wrapping); and 60% had warning of nut risk (possibly contaminated by nut products
or produced in a unit that handled nuts). As noted by Gowland [117], these findings
suggest that of a sample of 20 UK cereals, biscuits and confectionary, 3 would contain
nuts deliberately, 5 would appear free and 12 would have some contamination risk.
Thus, from the nut-allergic consumer’s viewpoint, instead of a choice of 17 products
from 20 (which did not have nuts as an ingredient) they could choose from only 5.
Allergic individuals do not deserve such a restricted food choice. 
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non-allergic shoppers. A common hazard control response seen in schools with
a peanut-allergic child is to restrict snacks containing peanut in the school. Hourihane
argues that if we assume that the average class size in Britain is 30 pupils, and if each
pupil comes from a family of four members, then for each peanut-allergic child there
may be 120 unaffected members of the public who may be dissuaded from buying
a snack of other food because of a may contain label. 
There is anecdotal evidence from patient groups that teenagers and young adults
disregard allergen trace information [117, 132]. These allergic individuals cannot
believe that such a huge proportion of products on sale may put their lives at risk.
They are cynical about the reasons behind the use of precautionary labelling, and they
believe that if the risk were serious, the warnings on the packet would be bigger,
easier to read and find. 
A further problem with precautionary labelling is that the current regulatory situ-
ation varies around the world. This can confuse food-allergic consumers as they travel
or purchase imported packaged foods [127]. Additionally, an over use of may contain
labelling may lead to a devaluation of its message. Such a situation would mean that
a lot of people may be putting their health, or their lives at risk. Precautionary labelling
must not be a substitute for good manufacturing practices. 
1.6.5 Patient groups 
Allergic individuals are becoming increasingly informed about risks and safe man-
agement of food allergy through patient groups such as the Anaphylaxis Campaign
in the UK and the Food Allergy Network in the US. Such groups can provide social
and informational support to allergic individuals and their families. They may provide
advice as to how allergic individuals can deal with their food allergy effectively in
different situations such as travelling, or sending an allergic child to school. They may
have information about food alerts (foods which have been found to contain
unlabelled allergens) or lists of currently safe foods. The support of such groups
should help allergic individuals handle their food allergy safely and confidently, with
less impact on their daily activities. 
1.6.6 Perceived food allergy or intolerance 
There is evidence that prevalence of perceived adverse reactions to food (around
20%) is considerably higher than the prevalence of actual food allergy (less than 2%)
[139, 7]. Such results suggest that most self-reported illness to food is not due to food
allergy. This may indicate that the number of people modifying their diet is greater
than the number who need to. People suffering from perceived food allergy and
intolerance alter their diet (and sometimes that of their family) of their own accord,
not on the advice of a doctor or dietician [140–142]. Such dietary restrictions may
have an adverse effect on nutrient intake. It is also likely to be inconvenient and
expensive. Public education is required to ensure that people are not unnecessarily
restricting their dietary intake. 
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2 The Classification, Functions and Evolutionary 
Relationships of Plant Proteins in Relation 
to Food Allergies 
PETER R. SHEWRY, JOHN A. JENKINS, FREDERIC BEAUDOIN 
and E.N. CLARE MILLS 
2.1 Introduction 
Plants synthesise a vast array of proteins which perform a wide range of functions.
For example, the recently completed sequences of the genomes of Arabidopsis
(a model plant species which is related to cultivated brassicas including oilseed rape)
and rice show the presence of about 25 500 and 50 000 genes, respectively, each
encoding a protein [1–3]. However, this number does not include small proteins of
less than 100 amino acid residues as these are not predicted by programs used to iden-
tify genes in DNA sequences. Furthermore, both Arabidopsis and rice were selected
as model species because of their small genome size, about 115 × 106 base pairs (bp)
of DNA in Arabidopsis and 430 × 106 bp in rice, compared with the massive genomes
of other cultivated species such as oilseed rape (820 × 106 bp), maize (2.5 × 109 bp)
and wheat (16 × 1012 bp). Although much of the additional DNA in the latter species is
not transcribed, many cultivated species are either polyploid (e.g. wheat) or derived
from ancestral polyploids (e.g. maize), and hence can be expected to have more
expressed genes (and hence proteins) than Arabidopsis or rice. 
Although the maximum number of proteins present in plants can be estimated
based on the total number of genes, many proteins are only expressed in trace
amounts or in specific tissues or at defined stages of development. For example, about
17% of the genes with identified functions (i.e. based on homology of the encoded
proteins) in Arabidopsis are involved in gene transcription and 10.4% in signalling
processes. These would be expected to be present only transiently and/or at low levels.
Consequently, the total number of proteins which can be identified by high-resolution
electrophoretic analysis of a given plant tissue is usually numbered in hundreds rather
than in thousands. For example, Clarke et al. [4] estimated that between 4500 and
8000 genes are active in the developing wheat grain but only 1697 proteins were
identified by two-dimensional electrophoresis. Furthermore, in a similar study, Skylas
et al. [5] identified only 321 proteins which were present at levels sufficient to allow
their excision and analysis by N-terminal sequencing. It is this relatively small
number of quantitatively major proteins which determine the end-use quality of a
plant tissue and which have the potential to be allergenic.
2.2 Plant proteins in nutrition and processing 
Both the amount and composition of plant proteins have impacts on human nutrition.
Adult men and women have been estimated to require 0.8 g protein/kg body weight
CLASSIFICATION, FUNCTIONS AND EVOLUTIONARY RELATIONSHIPS 25per day, with higher requirements for infants and children. Plant proteins may provide
a significant proportion of this intake, particularly in developing countries, but also
increasingly in diet-conscious Western European and other developed countries.
Because fruit and vegetables contain little protein on a fresh-weight basis, much of the
plant protein consumed by humans is from protein-rich storage organs, chiefly seeds
but to a lesser extent tubers. Seeds contain specialised types of storage proteins which
may account for 50% or more of the total proteins in the organ. However, these pro-
teins frequently have an unbalanced composition of amino acids, with the proportions
of some essential amino acids falling below the minima recommended by nutrition-
ists. In general, cereal seeds are deficient in the essential amino acid lysine and, to
a lesser extent, threonine and tryptophan, while pulses and other legume seeds are
deficient in the sulphur-containing amino acids cysteine and methionine. Combining
these two types of seed results in a balanced diet and this strategy is often used when
formulating diets for monogastric livestock. 
Although nutritional quality for humans is a major consideration in countries where
the diet is largely plant-based, the most important impact of plant proteins on human
food consumption in developed countries is their role in food processing. 
A high proportion of the food consumed in developed countries is in processed
form and plant proteins are crucial in conferring the functional properties which
make this possible. In particular, soybean proteins can be textured to form meat
analogues or used to confer a range of important properties including gelation
(e.g. in tofu), foaming, emulsification, water absorption, fat absorption, viscosity,
elasticity and flavour binding [6]. Consequently, soybean protein is remarkably
pervasive in food systems. Although used in a narrower range of products than
soybean proteins, wheat grain proteins are even more important in food processing
as they confer the visco-elastic properties that enable dough to be made into bread,
other baked goods, pasta and noodles. Wheat flour and isolated gluten are also used
in other food products such as sauces, batters and processed meat. Consequently,
wheat products are an integral part of the diet in many countries, with a high
proportion of the total world production of wheat being consumed by humans in
processed form. 
Consequently, humans encounter a wide range of plant proteins in their diets –
from native proteins in fresh fruits and vegetables to highly modified seed proteins in
processed foods. 
2.3 The classification of plant proteins 
2.3.1 Osborne fractions based on solubility 
Plant proteins were among the first to be studied, with the isolation of wheat gluten
being described in 1745 [7]. Subsequent work led to the concept of classifying plant
proteins according to their solubility, and this was formalised by T.B. Osborne who
published studies of proteins from 32 plant species between 1886 and 1928 [8].
Osborne classified proteins into four groups based on their solubility in water
(albumins), dilute salt solutions (globulins), alcohol/water mixtures (typically 60–70%
26 PLANT FOOD ALLERGENS(v/v) ethanol) and dilute alkali (glutelins), and it has subsequently become usual to
extract these fractions sequentially, a procedure called Osborne fractionation. Few
modern plant scientists are aware of Osborne’s work and of his classification system,
although the terms albumin and globulin remain widely used for proteins from seeds
and other tissues. However, the Osborne classification is still used by those working
on seed proteins, particularly by cereal chemists. This is because the Osborne groups
extracted from seeds may be highly enriched in specific storage proteins and hence
represent biologically and functionally valid fractions for further analysis. 
In seeds of legumes and many other dicotyledonous plants, the globulin fractions are
highly enriched in storage proteins and the term legume globulin is often used as syno-
nym for legume seed storage protein. In wheat and most other cereals (but not in oats
and rice), the prolamins comprise the major storage protein fraction, but related storage
proteins are also present in the glutelin fractions. These glutelin storage proteins are now
known to exist in the grain as polymers stabilised by inter-chain disulphide bonds, the
individual reduced subunits being readily soluble in alcohol–water mixtures with clear
relationships to prolamins. Consequently, it is now usual to extract total prolamin frac-
tions from cereal grain using alcohol–water mixtures (usually 50% (v/v) propan-1-ol)
containing a reducing agent (usually 2-mercaptoethanol or dithiothreitol). 
However, despite the continued use of classification based on solubility by seed scien-
tists, most plant biologists consider that it is now more valid to use alternative classifica-
tions, based either on function or structural and evolutionary relationships (see Fig. 2.1). 
2.3.2 Functional classification 
Plant proteins can be divided into three broad groups based on their functions. 
Plant Proteins
Structural
and
metabolic
include
enzymes
cell wall protein
membrane protein
Storage Protective
include PR
(pathogenesis-
related) proteins
and proteinase 
inhibitors
Globulins Albumins
2S
Prolamins
7S 11S
CUPIN
SUPERFAMILY
PROLAMIN
SUPERFAMILY
Fig. 2.1 Summary of the classification of plant proteins. 
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which contribute to the structure and functioning of the cell, including structural
components of cell walls and organellar membranes, enzymes, and proteins involved
in energy generation, trafficking and transport, growth and division, signal transduc-
tion, gene transcription and protein synthesis. Although some of these proteins may
be described as housekeeping, in that they are present in all cells, others are present
only transiently or in specific cell types or stages of development. Similarly, although
many are present in small amounts, others are major components. In particular,
enzymes and other proteins of the photosynthetic machinery are highly abundant in
green tissues, with ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco), the
enzyme responsible for carbon dioxide fixation, accounting for 30–40% of the total
leaf protein in most species. There is no doubt that humans consume vast quantities of
Rubisco over a lifetime, in fresh and cooked vegetables. Nevertheless, there is no
evidence that either Rubisco or other structural and metabolic proteins are responsible
for widespread allergenic reactions. 
2.3.2.2 Protective proteins. Plants synthesise a wide range of proteins which are
thought to contribute to protection against pathogenic micro-organisms (bacteria, fungi)
and/or invertebrate pests (insects, nematodes). In most cases, a putative biological
role has been ascribed based on their activity in vitro, for example as inhibitors of
enzymes or as lectins. However, in some cases, this activity has been confirmed by
more direct analyses such as incorporation into artificial diets for insect feeding tests,
incorporation into media used for culturing micro-organisms or by expression in
transgenic plants. 
Plant storage organs (seeds and tubers) contain rich reserves of starch, protein and
oil that make them attractive to pests and pathogens. It is not surprising, therefore, that
they are also rich in protective proteins. Furthermore, the exploitation of storage
organs by humankind results in consumption of the protective proteins as well as the
storage reserves. 
The protective proteins in seeds and tubers are synthesised irrespective of whether
the plant is challenged by pests or pathogens. In contrast, protective proteins are often
synthesised in vegetative tissues as a response to infection or damage (either accidental
or due to feeding), forming part of a pathogenesis-related (PR) response [9]. Conse-
quently, they may be present in vegetables which have been damaged in the field or
during harvesting. 
Limited space precludes a full discussion of protective proteins and the reader is
referred to a recent review article [10]. However, they include components with four
major types of biological activity. 
1. Enzyme inhibitors: Inhibitors of proteinases form the largest and the most diverse
type of protective proteins, with at least 12 distinct classes being recognised based
on their amino acid sequences and target enzymes [11]. Of these, ten are inhibitors
of serine proteinases, the most widespread type of proteinases in animals and
microbes. Other protective proteins inhibit α-amylases of insects, mammals and
microbes, and polygalacturonase, an enzyme secreted by plant pathogenic fungi.
28 PLANT FOOD ALLERGENS2. A second major type of protective protein is hydrolases which digest components
of microbial cell walls and insect cuticles. These include lysozyme which digests bac-
terial cell walls, and chitinases and β-glucanases which may be active against fungal
hyphae and insect cuticles.
3. A number of structurally unrelated types of defensive proteins appear to destabilise
membranes, including hyphal membranes of fungi, leading to leakiness. They may
also act synergistically and include thionins, 2S albumin storage proteins, thaumatin-
related proteins, lipid transfer proteins (LTPs) and defensins (see chapters in [12]).
4. A number of types of defensive proteins are able to bind to chitin, an α-1,4-linked
polymer of N-acetyglucosamine, present in cuticles and gut linings of insect and
fungal hyphae. These include lectins, hevein, endochitinases (see above) and some
defensins. It is notable that several well-characterised classes of allergens appear to
have protective roles, as discussed in other chapters in this volume. 
2.3.2.3 Storage proteins. Storage proteins are most widely characterised from seeds
where they are deposited during development to provide a store of amino acids and
carbon skeletons for germination and seedling growth. However, storage proteins
may also accumulate in vegetative tissues and tubers, in order to support sprouting or
to assist survival during periods of adverse conditions (e.g. drought, low temperature).
Vegetative and tuber storage proteins vary widely in their structures, properties and
evolutionary relationships, with little apparent relationship between the types of pro-
teins stored in different species or organs. Thus, the storage protein of potato tubers
exhibits enzymic activity as a lipid acyl hydrolase, while the analogous protein in yam
tubers is carbonic anhydrase and in sweet potato a Kunitz-type proteinase inhibitor.
Similarly, the vegetative storage proteins of soybean and Arabidopsis appear to be
acid phosphatases, although the specific activity of the former is very low, while those
in the bark and wood of poplar trees are related to wound-inducible proteins from
the same species [13–16]. It is probable, therefore, that different metabolic or pro-
tective proteins have assumed storage roles in different plant species and organs. 
In contrast, there are clear homologies between seed storage proteins across Angiosperms,
with three major types which were defined initially on their solubility properties. The
characteristics of these groups are discussed briefly below and summarised in Table 2.1.
Albumins: Water-soluble albumin storage proteins with sedimentation coefficients
(S20.w) of about 2 are widespread in seeds of dicotyledonous plants including cultivated
species such as brassicas (e.g. oilseed rape), legumes (pea, lupin, soybean), sunflower,
cotton and castor bean [17, 18]. Although they vary considerably in their amino acid
sequences, they are typically synthesised as a proprotein which is proteolytically
processed to give small (Mr approximately 4000–5000) and large (Mr approximately
9000–10 000) subunits with four disulphide bonds, two between the subunits and two
within the large subunit. They include a number of well-characterised allergens and
are discussed in detail in a later section. 
Globulins: Salt-soluble globulin storage proteins are almost universally present in
seeds of both monocotyledonous and dicotyledonous plants. They comprise two groups
of proteins with sedimentation coefficients of about 7/8 and 11/12 [19]. 
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30 PLANT FOOD ALLERGENSThe 11S globulins are often called legumins as they are characteristic of legume
seeds and have been studied in the most detail from these species. However, they are
actually the most widely distributed group of seed storage proteins, occurring in most
dicotyledonous species (including brassicas and composits), and in the cereals oats
and rice. Typical legumins are hexameric proteins of Mr 300 000–400 000, comprising
six subunits of Mr about 60 000. These subunits are post-translationally processed to
give large (also called acid or α) and small (basic or β) chains of Mr approximately
40 000 and 20 000, respectively, which remain associated by a single disulphide bond.
In contrast, the 7S globulins are trimeric proteins of Mr approximately 150–200 000.
The subunits are typically of Mr 50 000–80 000, but post-translational proteolysis and
glycosylation can give rise to much wider variation in mass (e.g. from about 12 000 to
70 000 in pea). 
Prolamins: Prolamins form the most clearly defined group of seed storage proteins,
and have the most restricted distribution. However, they are also the most diverse
in structure. Prolamins were initially defined on their solubility in alcohol/water mix-
tures (60–70% (v/v) ethanol), and their high contents of proline and amide nitrogen
(hence the name prolamin). However, we now know that related proteins may be
present in the grain as disulphide-stabilised polymers and are only alcohol-soluble as
reduced subunits. Consequently, the definition of prolamins has been modified to
include those proteins which are soluble in alcohol/water mixtures in the native or
reduced state, and in practice other alcohols (e.g. 50% (v/v) propan-1-ol) may be more
effective solvents than ethanol. Similarly, the combined contents of proline and
glutamine (the main amide) are known to vary from about 30 to 70 mol%. However,
the third distinguishing feature of prolamins remains unmodified. This is their
distribution, which is restricted to seeds of cereals and other members of the grass
family. True prolamins are indeed restricted to grass seeds, but we now know that
they form part of a larger protein superfamily which includes proteins with much
wider distributions. 
It is not possible to provide a detailed discussion of prolamin structure within the
confines of this chapter but two features are particularly noteworthy and the reader is
referred to chapters in [12] for detailed accounts. The first is that the sequences of
most prolamins can be divided into two or more domains, which differ in their amino
acid compositions, adopt different three-dimensional structures and may differ in origin.
The second is that most prolamins contain one or more domains based on repeated
blocks of amino acids, usually based on one, two or three short peptide motifs. Such
repeated sequences are responsible for the high levels of glutamine, proline and some
other amino acids (e.g. phenylalanine, histidine, glycine) in specific prolamin groups.
In addition, other parts of the protein sequence may be enriched in amino acids such
as methionine. Further details of prolamin structure are provided below.
2.4 Plant protein superfamilies 
The classification of plant proteins based on solubility, sedimentation coefficient
and function has provided a useful framework for almost a century. However, the
CLASSIFICATION, FUNCTIONS AND EVOLUTIONARY RELATIONSHIPS 31availability of amino acid sequences of proteins from molecular cloning and direct
sequence analysis, and of three-dimensional structures from nuclear magnetic reso-
nance spectroscopy and X-ray crystallography have allowed their evolutionary and
structural relationships to be determined, leading to a new classification into families
and superfamilies. 
Many seed proteins, including a number of important allergens, belong to two such
superfamilies, called the cereal prolamin superfamily and the cupins. We will, there-
fore, consider the structures and properties of these in some detail. 
2.4.1 The prolamin superfamily 
The highly restricted distribution of prolamins, their unusual solubility properties and
their unusually high contents of proline and glutamine led to the view that they were
a unique type of protein present only in cereal seeds. This view persisted into the mid-
1980s, when the availability of complete amino acid sequences and the development
of statistical methods of sequence analysis allowed wider comparisons of protein
relationships to be made. This resulted in two surprising findings. 
Firstly, prolamins do not form a single family of proteins but comprise two major
groups which have no known relationship to each other. The first group comprises the
α-zeins of maize and related prolamins of other tropical cereals (millets, sorghum),
while the second is a larger group comprising the prolamins of the tribe Triticeae
(wheat, rye, barley), oats and rice, and minor prolamins of maize, millets and sorghum.
Secondly, while the α-zein group has no known relationship to any other characterised
proteins, the second group is clearly related to a range of other plant proteins which
have together been defined as the prolamin superfamily [20, 21]. 
The α-zein group of prolamins does not include any known allergens and the reader
is referred to recent review articles for further details [22, 23]. In contrast, the
prolamin superfamily includes several groups of well-characterised respiratory and
food allergens. They are therefore briefly discussed below with further details being
provided in other articles in this volume. 
2.4.1.1 Identification and characterisation of the prolamin superfamily. Cereal pro-
lamins have been the subject of a vast volume of research because of their importance
in nutrition and food processing. However, the existence of related proteins was not
proposed until 1985, based on the identification of conserved amino acid residues
[20, 24]. Although this identification was initially based on visual comparisons, it is
supported by more sophisticated computational comparisons. Furthermore, although
the initial studies only identified two groups of seed proteins as related to prolamins
(2S albumins and cereal α-amylase/trypsin inhibitors), subsequent comparisons have
shown homology with several other groups of seed and non-seed proteins. All of these
proteins can be described as low Mr cysteine-rich proteins. In addition, most of them
contain a characteristic conserved pattern of eight cysteine residues which can be
defined by the formula:-
Cys-(Xaa)n-Cys-(Xaa)n-Cys-Cys-(Xaa)n-Cys-Xaa-Cys-(Xaa)n-Cys-(Xaa)n-Cys 
32 PLANT FOOD ALLERGENSAlthough some variation in this cysteine pattern does occur (in the numbers of
cysteine residues and in the disulphide bonds that they form), the pattern is sufficiently
well conserved to identify related protein groups which have little or no other
sequence identity.
Protein groups so far identified as belonging to the prolamin superfamily are listed
in Table 2.2 and the overall sequence relationships of the major types are summarised
as a dendrogram in Fig. 2.2. 
Several of these groups of prolamin-related proteins include major allergens which
are discussed in some detail elsewhere in this volume. The present account will, there-
fore, focus on comparative structures and properties. 
The prolamins are immensely variable in their structures and properties, and the
reader is referred to chapters in [12] for detailed accounts. Allergies to prolamins
do not occur very frequently and have only been studied in wheat where they are
involved in wheat-induced atopic dermatitis [25, 26] and exercise-induced anaphyl-
axis (EIA) [27]. Two types of gliadin (α-and γ-) have been reported as the allergens in
EIA [28]. Similarly, α-gliadin, γ-gliadin and low molecular weight (LMW) subunits of
glutenin have been shown to bind to IgE fractions from patients with dietary allergy to
wheat, with LMW subunits containing the pentapeptide motif Gln.Gln.Gln.Pro.Pro
being the most active [29, 30]. 
α-gliadin, γ-gliadin and LMW subunits are all defined as sulphur-rich prolamins
and have similar sequences comprising a repetitive N-terminal domain and a non-
repetitive C-terminal domain, the latter containing the conserved cysteine skeleton
which is characteristic of the prolamin superfamily (labelled 1–8 in Fig. 2.3). How-
ever, it is notable that while the full skeleton of eight cysteine residues is present in
the γ-gliadins, only six of these are present in the α-gliadins and LMW subunits. The
latter also have one or two additional cysteine residues (a and g in Fig. 2.3) which form
inter-chain disulphide bonds to incorporate the subunits into high molecular mass
glutenin polymers. The IgE-binding pentapeptide (Gln.Gln.Gln.Pro.Pro) in allergenic
LMW subunits is located within the repetitive domain of the LMW subunits, rather
than the non-repetitive domains which are homologous with other members of the
prolamin superfamily. 
The 2S albumins, non-specific lipid transfer proteins (nsLTPs) and cereal inhibitors
of α-amylase and trypsin include major dietary and/or respiratory allergens which are
discussed in detail in Chapters 3–5. All are large and complex groups of related
proteins with considerable structural diversity. In contrast, the soybean hydrophobic
protein, responsible for respiratory allergy to soybean hulls [31, 32], has no apparent
close relatives and is not discussed elsewhere in this volume. It comprises 80 amino
acid residues with the characteristic-conserved eight cysteine residue skeleton forming
four intra-chain disulphide bonds [33, 34].  
A relationship between the soybean hydrophobic protein and the 2S albumins,
nsLTPs and cereal inhibitors is apparent by comparison of their cysteine skeletons and
is even more striking when their three-dimensional structures are compared (Plate 2.1).
All of the proteins have a similar fold comprising bundles of α-helices stabilised
by disulphide bonds and are classified in the SCOP protein structure database [35] as
4 helices; folded leaf; right-handed super-helix; disulphide-rich. However, the pattern
of disulphide bonds varies between the different members with only two of the four
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Fig. 2.2 Dendrogram showing the relationships between the amino acid sequences of small sulphur-rich 
seed proteins of the prolamin superfamily. 
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Fig. 2.3 Schematic comparison of the amino acid sequences of typical types of S-rich prolamin of 
wheat. Based on sequences reported by Kasarda et al. [83], Bartels et al. [84] and Colot et al. [85]. Taken 
from [21] with permission. Question marks denote cysteine residues for which no disulphides have been 
mapped.
CLASSIFICATION, FUNCTIONS AND EVOLUTIONARY RELATIONSHIPS 35bonds being conserved among all of the members. In particular, the Cys-X-Cys motif
in helix three of the proteins forms a different pattern of disulphide bonds in the
nsLTPs, to those in the other proteins. 
2.4.2 The cupin superfamily 
The relationships of the cupin superfamily of proteins have been defined by parallel
studies by two groups: Shutov and Baumlein working in Moldova and Germany [36],
and Dunwell and colleagues in the UK. Dunwell [37] also coined the term cupin to
describe their common structural feature. This is a barrel-like structure which has also
been described as a double-stranded β-helix [35] or jellyroll (Fig. 2.4). (The term
cupin being based on the Latin cupa meaning a small barrel or cask). The conclusion
that this immensely diverse group of proteins have a common origin is based on the
demonstration that they share two consensus sequence motifs: G(x)5HxH(x)3,4E(x)6G
for motif 1 and G(x)5PxG(x)2H(x)3N for motif 2, where X is any amino acid residue
but often includes a metal-binding site [38]. 
basicacidic
Prokaryotic
protogermin
protein
C  N
7S globulins
(vicilins)
Slime
moulds
Plants
Spherulins
Germins- and
germin-like
proteins
Duplicated ancestor
Fern vicilin-like
protein 
11S globulins
(legumins)
Fig. 2.4 Hypothetic pathway for the evolution of germins and globulin storage proteins from an 
ancestral protogermin protein, incorporating models of Shutov and Baumlein [36] and Lawrence [44].
36 PLANT FOOD ALLERGENSGenes encoding cupins have been identified in all organisms whose genomes have
been sequenced – Archaea, Eubacteria and Eukaryota [38]. A broad division can be
made between proteins with one or two cupin domains, the latter being considered to
have arisen from an ancestral duplication event and being termed bicupins (Fig. 2.4).
The best-characterised cupins from plants are germins and storage globulins, which
are single-chain cupins and bicupins, respectively. 
The first germin was identified as a protein synthesised in germinating embryos of
wheat [39]. It is a soluble pepsin-resistant glycoprotein which exists as an oligomer of
Mr about 125 000, with individual subunit Mr of about 25 000. Despite detailed stud-
ies, the role of germins remained unknown until they were demonstrated to exhibit
activity as the enzyme oxalate oxidase [40]. X-ray cryptallographic analysis shows
that each germin monomer contains a single double-stranded β-helix fused to a short
α-helical domain (Plate 2.2), with six monomers forming a hexamer which is in effect
a trimer of dimers [41]. A germin from pepper (Piper nigrum) corns (i.e. seeds) has
been reported to be an allergen in the cerery–birch–mugwort–spice syndrome [42],
but no other allergenic forms have been reported. In contrast, the globulin storage
proteins are major allergens in legumes (notably peanut and soybean, see Chapter 9)
and other species. 
Early studies of the 7S and 11S globulins showed little similarity in structure or
properties with the exception of solubility in dilute salt solution. However, it has been
observed that the trimeric 7S globulin proteins may reversibly aggregate into hexamers
depending on ionic strength. Similarly, although the 11S globulins are typically
hexamers, they are initially assembled in the endoplasmic reticulum into trimeric
intermediates, and assume the hexameric form only in the vacuole where proteolytic
processing of the subunits to give acidic and basic chains also occurs. 
Early comparisons of amino acid sequences of 7S and 11S globulin subunits failed
to show significant sequence identity. However, more sophisticated comparisons
subsequently demonstrated that the N- and C-terminal regions of the 7S globulin
subunits were related to the acidic and basic subunit chains of the 11S globulins,
respectively, indicating that they have arisen from a common ancestral gene as shown in
Fig. 2.4 [43, 44]. 
Three-dimensional structures have since been determined for 7S globulins from
three species, phaseolin from French bean (Phaseolus vulgaris) [45, 46], canavalin
from jack bean (Canavalia ensiformis) (Plate 2.3) [47, 48], β-conglycinin from
soybean [49] and the trimeric 11S globulin precursor proglycinin from soybean [50].
These show a remarkably high degree of similarity as shown in Plate 2.4 in which the
backbone structures of phaseolin (7S) and proglycinin (11S precursor) subunits are
overlaid. 
2.4.3 Cysteine proteinases 
Many plant food allergens either function as or are related to defensive proteins,
including components of the PR protein complex. Most of these are described in
detail in other chapters in this volume. However, one other major group of allergens
which may have a defensive role is the cysteine proteinases. 
CLASSIFICATION, FUNCTIONS AND EVOLUTIONARY RELATIONSHIPS 37Cysteine proteinases of the C1 or papain-like family occur widely in plants where
they may participate in a range of processes including digestion of storage proteins
during seed germination [51–53], senescence of flowers and leaves [54–56], and
processing of enzyme precursors [57]. Cysteine proteinases in maize have also been
associated with resistance to lepidopteran pests [58, 59], while the high levels of
cysteine proteinases in fruits is also consistent with a protective role. The most widely
studied cysteine proteinase of plant origin is papain which is present in the latex of
papaya (Carica papaya). Preparations of papain are widely used in the food industry;
e.g. to supplement malt enzymes in brewing, to tenderise meat. 
Allergenic cysteine proteinases have been reported from a diverse range of species.
The best characterised food allergen is Act c 1 which is the major allergen from kiwi
fruit [60–65]. Bromelain from pineapple stems [66], papain from papaya latex and
ficin from fig latex [67] are also food allergens. In addition, bromelain and papain are
also involved in non-food allergies due to their use in cosmetics and medicine [68, 69],
while papain has also been reported to be a pollen allergen [70]. 
The soybean allergen Gly m Bd 30K was initially described as associated with oil
bodies (the P34 or 4-kDa oil-body-associated protein), but is now known to be present
in protein storage vacuoles in the seed [71, 72]. The activity of Gly m Bd 30K as a
cysteine proteinase has not been demonstrated and an alternative role, binding
Fig. 2.5 Comparison of the amino acid sequences of allergenic cysteine proteinases from papaya 
(papain, Swissprot acc. P00784), pineapple (bromelain, PIR acc. T10514), kiwi fruit (actinidin, 
Swissprot acc. P00785) and soybean (GmBd40K, Genbank acc. BAA25899). 
38 PLANT FOOD ALLERGENSsyringolide elicitors as part of a protective response, has been proposed [73]. Gly m B
30K is a major dietary allergen associated with atopic dermatitis [72]. 
The mature cysteine proteinases have molecular masses of about 25 000. Their
three-dimensional structures (Plate 2.5) contain an α-helical N-terminal domain and
an α+β C-terminal domain which both contribute to the formation of an active site
cleft [74, 75]. The mature enzymes are typically stabilised by three disulphide bonds
and tend to be stable against denaturation [76]. 
However, the sequences predicted from cDNAs and genes (Fig. 2.5) are often
considerably longer, with an N-terminal signal sequence followed by an α-helical
prodomain which is necessary for folding and which inactivates the proenzyme by
blocking the active site [77, 78]. For example, the papain precursor shown in Plate 2.5
consists of 345 residues of which 1–18 are the signal peptide, 19–133 the prosequence
and 134–345 the mature protein. 
2.5 Conclusions 
It is clear that the concept of protein families provides an important framework for the
identification and analysis of plant protein allergens, facilitating the prediction of
potential allergens and providing a basis for structure–function studies. In particular,
comparison of the structures and biological properties of allergenic and non-allergenic
members of well-defined protein families should lead to a clearer understanding of
the various structural and biological features which together result in allergenicity.
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3 The 2S Albumin Proteins 
RAFAEL I. MONSALVE, MAYTE VILLALBA, MANUEL RICO, 
PETER R. SHEWRY and ROSALÍA RODRÍGUEZ 
3.1 Historical background 
The term albumin has a long history but by 1924 had become restricted to proteins
which are soluble in pure water and coagulable by heat [1]. In fact, Osborne listed
four well-characterised types of seed albumin, leucosin in cereal seeds (wheat, rye,
barley), legumelin and phaselin in different types of legume seed and ricin in castor
bean. Subsequently the term albumin continued to be applied as a generic name for
water-soluble proteins until the landmark study of Youle and Huang [2] which indicated
the existence of a discrete type of 2S albumin storage protein. Youle and Huang [2]
used sucrose density ultracentrifugation to compare the major protein components in
seeds of 12 species of plants. These included two legumes (peanut, lupin) and one
monocotyledonous species (Yucca, Liliaceae). The profiles obtained showed that all
species contained major components with sedimentation coefficients (S20w) of about
2 and 11 and that all except three also contained 7S components. The 2S components
were water soluble (i.e. albumins) and were calculated to account for between 20%
and 60% of the total seed protein, based on the areas under the sedimentation profiles.
Amino acid analyses demonstrated that most of the 2S albumins were rich in cysteine,
up to 13.1 mol% in the Brazil nut albumin which also contained 17.3mol% methionine.
This led to interest in exploiting the Brazil nut and other methionine-rich albumins in
crop improvement programmes, as discussed briefly below. 
Subsequent studies confirmed that the 2S albumins do indeed form a discrete group
of seed storage proteins, although not all of the 2S albumins studied by Youle and
Huang [2] have been studied in sufficient detail to confirm their relationships. However,
wider comparisons also demonstrated that they form part of a large group of proteins
called the prolamin superfamily. These include a range of low molecular mass sulphur-
rich proteins, some of which are also water soluble (notably the α-amylase/trypsin
inhibitors of cereal seeds). In addition, related sequences are present as specific
domains within the major prolamin (alcohol soluble) storage proteins of cereal seeds.
The prolamin superfamily is discussed in detail in Chapter 2 and individual groups of
proteins in Chapters 4 (lipid transfer proteins) and 5 (α-amylase/trypsin inhibitors).
3.2 Botanical distribution 
The Pfam database of plant protein families (http://www.sanger.ac.uk/Software/Pfam)
[3] lists sequences of 2S albumins from 18 genera (from 11 families) of dicotyledonous
plants and from three genera of Gymnosperms (Pinus, Picea, Pseudotsuga). However,
despite the report of Youle and Huang [2] that 2S albumins are present in seeds of
Yucca (Liliaceae), they have not yet been confirmed in any monocotyledonous species,
THE 2S ALBUMIN PROTEINS 43either by direct protein analysis or based on expressed sequence tag (EST) or genomic
sequencing. Nevertheless, the presence of related proteins in spores of the ferns
Onoclea and Matteuccia [4–7] demonstrates that their origin predates the separation
of Spermatophytes (seed plants) from lower plants. 
3.3 Biosynthesis, processing and deposition 
The 2S albumins are typical seed storage proteins in that they are synthesised on the
rough endoplasmic reticulum (ER) and transported into the lumen with the cleavage
of an N-terminal signal sequence. Protein folding is assumed to occur within the
ER lumen, with the eight conserved cysteine residues which are present in all 2S
albumins forming identical patterns of four intra-chain disulphide bonds (as shown in
Fig. 3.1 and discussed later). The proteins are subsequently transported via the
Golgi apparatus to the vacuole where they accumulate to form protein bodies [8, 9].
Glycosylation has not been reported but proteolytic processing does occur within the
vacuole. In the vast majority of 2S albumins this proteolysis results in a two subunit
(heterodimeric) structure, with a small subunit containing cysteine residues 1 and 2
and a large subunit containing cysteine residues 3 to 8. These two subunits remain
associated by two of the disulphide bonds that are formed in the ER. A typical
heterodimeric 2S albumin is napin from oilseed rape (Brassica napus) and related
brassicas (Fig. 3.1). The proteolytic processing generally occurs at the C-terminal side
of asparagine residues [8, 10] and may lead to the loss of one or more short peptide
sequences: an N-terminal prosequence, a C-terminal peptide and a linker peptide between
the two subunits (see Fig. 3.1). 
However, variant types of 2S albumin also occur. In particular, sunflower (Helianthus
annus, Compositae) albumins are not cleaved into two subunits although an N-terminal
prosequence may be removed (Fig. 3.1). Furthermore, in sunflower and castor bean
(Ricinus communis, Euphorbiaceae) some albumins are synthesised as pairs, being
encoded by a single mRNA which is translated to give a precursor protein which is
then processed (presumably in the vacuole) to give either two single chain albumins
(sunflower) or two heterodimeric albumins (castor bean) (Fig. 3.1). The 2S albumin
of lupin (Lupinus angustifolius, Leguminosae) is also unusual in that it contains nine
cysteine residues. The additional cysteine residue is present at position 45 in the large
subunit and is readily blocked by N-ethylmaleimide. It is, therefore, thought to be
present as a free sulphydryl group [11]. 
3.4 Polymorphism of 2S albumins 
In common with other types of storage proteins, 2S albumin fractions do not consist
of single proteins but are polymorphic mixtures of structurally related proteins
encoded by small gene families. This has been studied in most detail for napins.
Krebbers et al. [12] reported that Arabidopsis contains only four napin genes which
are closely linked in tandem array. They also isolated and sequenced the whole gene
family but comparison with the directly determined protein sequence indicated that
44 PLANT FOOD ALLERGENSonly one of the genes was responsible for most of the protein synthesised. A detailed
study of the napin proteins present in Brassica species (B. rapa, B. oleracea and
B. napus) was reported by Monsalve and Rodríguez [13] with a total of 11 proteins
being purified and characterised with respect to their amino acid compositions and
masses by SDS-PAGE. The same group subsequently purified nine albumins from
two species of radish (Raphanus sativus, R. raphanistrum) [14]. Southern blot
analyses have been reported to show about 10 [15] and over 16 [16] napin genes per
haploid genome of B. napus (which is an amphidiploid hybrid between B. oleracea
and B. rapa). Similarly, Raynal et al. [17] characterised cDNAs representing two
subfamilies of napins and estimated the presence of a minimum of six genes.
Other species have been studied in less detail but at least six forms of the Brazil nut
albumin are present [18] while sunflower albumins can be separated into about 11
to 13 components by electrophoresis and RP-HPLC [19, 20]. 
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Fig. 3.1 Schematic structures of typical and variant forms of 2S albumins. S indicates the signal 
peptide, hatched areas are sequences which are removed from the mature protein by proteolysis. 1–8 are 
conserved cysteine residues which have been shown to form the four disulphide bonds shown for some 
albumins. The disulphide bonds have not been mapped in the other albumins. The napin and conglutin 
δ are both synthesised as precursor proteins which are processed to give heterodimeric mature proteins, 
but differ in that conglutin δ has an additional unpaired cysteine residue (shown as SH). The sunflower 
albumins are single chain and are synthesised with either one (SFA8) or two mature albumins encoded by 
a single mRNA. The castor bean albumins are also synthesised as a pair encoded by a single mRNA but 
are processed to give two mature heterodimeric proteins. Based on sequences and alignments in Crouch 
et al. [95], Ericson et al. [96], Lilley & Inglis [11], Higgins et al. [22], Ampe et al. [18], Altenbach et al. 
[28], Gayler et al. [99], Irwin et al. [93], Kortt et al. [25], Egorov et al. [97] and Thoyts et al. [98]. 
Redrawn in part from Shewry & Pandya [100] with kind permission of Cambridge University Press.
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2S albumins tend to be rich in glutamine and arginine, amino acids which contain two
and three nitrogen atoms, respectively. Hence they provide efficient storage of nitrogen.
However, of more interest is their high contents of sulphur-containing amino acids,
cysteine and methionine. All contain eight conserved cysteine residues and hence
have higher proportions of cysteine than most other proteins. Specific cysteine-rich
forms have also been reported in quinoa (15.6 mol%) [21] and pea (11.2 mol%) [22],
but the full amino acid sequence of the quinoa protein is not yet available and its
precise relationship to other 2S albumins remains to be determined while the
sequence of the pea albumin is only distantly related, if at all, to those of the typical
2S albumins such as napins. Methionine-rich 2S albumins also occur in Brazil nut and
relatives [2, 18, 23, 24], sunflower [2, 19, 25], cottonseed [26] and amaranthus [27]. 
Brazil nut albumins account for about 30% of the proteins extracted with buffers
containing salt or SDS and contain about 19 mol% Met and 8 mol% Cys [23]. They
comprise at least six different forms, with the large subunits containing 14 or 15 Met
residues [18, 28]. The mature heterodimeric albumin comprises subunits of Mr about
3000 and 9000 which are released from an Mr 18 000 precursor protein by three
stepwise cleavages [18, 28]. 
In contrast to Brazil nut, only two of the 11 to 13 albumins present in sunflower
seeds are rich in methionine, SFA7 and SFA8. These proteins appear to have similar
structures and sequences [29] but only SFA8, which is usually the major component
of the two, has been studied in detail. SFA8 is a single chain albumin of 103 residues
including 16 methionines and is synthesised as a precursor with a 13 residue
pro-sequence [25]. 
The Brazil nut albumin and SFA8 have both been expressed in seeds of other
species in order to confer increased levels of methionine [30–34]. However, further
development of lines expressing the Brazil nut protein has been halted following
the demonstration that it is a major allergen (see below) [35, 36]. Similarly, the recent
demonstration that SFA8 may also be allergenic [37, 38] will presumably also limit
commercial development of lines expressing this protein. 
3.6 Amino acid sequences 
The most widely studied 2S albumins are the napins of B. napus and related napin-
like proteins from other brassicas. A vast number of sequences have been reported for
these proteins, as summarised in Table 3.1 which lists nucleotide sequences identified
as having significant similarity to the yellow mustard allergen, Sin a 1, by a BLAST
search. Alignments of the sequences of single albumins from each of the nine species
are shown in Fig. 3.2. It should be noted that these species are restricted to the
Brassicaceae and, with the exception of the Arabidopsis sequences, the similarities
range from 85% to 95%. 
An alignment of the amino acid sequences of 2S albumins from a wider range of
species is shown in Fig. 3.3, although this is restricted to proteins which are known to
46 PLANT FOOD ALLERGENSbe allergenic (from brassicas, castor bean, Brazil nut, sunflower, peanut, walnut and
cottonseed).
It can be seen that these proteins share the conserved pattern of eight cysteine
residues (CCCCCXCCC) that is characteristic of members of the prolamin
superfamily (see Chapter 2) and information currently available shows that these
cysteines form a very similar pattern of inter- and intra-chain disulphide bonds. How-
ever, the primary structures may show low levels of sequence identity, below 15% in
some cases. This results from divergence in the nucleotide sequences combined with
differential processing of precursor proteins between species (as discussed above). 
Another general feature of 2S albumins is the presence of a hypervariable region
present in the large chain (or in the corresponding region of single chain albumins).
Table 3.1 Details of 2S albumin sequences identified using a BLAST search of the GenBank + EMBL + 
DDBJ + PDB databases using the Sin a 1 gene of Sinapis alba (yellow mustard) as a query. The sequences 
of the single accessions listed for each species are aligned in Fig. 3.2. Percentages of identity and similarity 
are relative to the Sin a 1 (Sinapis alba) gene which is shorter than the other sequences 
Accession 
number 
Species Number of sequences 
in BLAST search 
% of identity 
(% of similarity) 
X17542 Brassica napus 10 92.4 (94.5) 
M64631 B. campestris 4 87.6 (92.4) 
X65039 B. nigra 2 86.9 (89.7) 
X65040 B. juncea 2 84.1 (89.0) 
X65038 B. oleracea 2 85.5 (90.3) 
X74813 B. carinata 1 87.6 (90.0) 
A25773 Raphanus sativus 4 80.7 (84.4) 
AF3370541 Arabidopsis thaliana 11 54.5 (62.8) 
X91799 Sinapis alba 6 used as reference 
Fig. 3.2 Sequence alignment of napin-like protein genes after a BLAST [101] search with the 
nucleotide sequence of the Sinapis alba (yellow mustard) Sin a 1 gene (accession number X91799) 
used as query. Accession numbers of EMBL/GenBank/DDJB databases are shown before each sequence 
with details provided in Table 3.1. Translated sequences of the corresponding genes were used for the 
alignment, with differences relative to the top sequence being shown. Dashes correspond to gaps opened 
by ClustalW program [102] for best alignment; in the case of the Sin a 1 gene the sequence starts with the 
mature protein, while in all the other cases the complete coding sequences are shown. 
THE 2S ALBUMIN PROTEINS 47This is indicated in Fig. 3.3. Structural studies (see below) indicate that this sequence
forms a variable loop which is an important antigenic region [39, 40]. 
3.7 Biological role 
The most important biological role of the 2S albumins is undoubtedly storage, providing
reserves of nitrogen, carbon and sulphur to support germination and seedling growth.
However, several types of biological activity have also been reported for specific
albumins leading to the suggestion that they may have other biological roles. Terras
et al. [41] reported that 2S albumins from seeds of radish (Raphanus sativus) inhibited
the growth of plant pathogenic fungi, although this activity was antagonised by cations
(K+, Mg2+). Subsequent studies showed that the activity was enhanced in the presence
of wheat or barley thionins (by two- or three-fold) and that the growth of Gram-positive
Fig. 3.3 Multiple sequence alignments of allergenic 2S albumins. (a) Sinapis alba Sin a 1 [59]; 
(b) Brassica juncea Bra j 1 [39]; (c) Brassica napus Bra n 1 [71]; (d) B. napus BnIb [91, 92]; 
(e) Ricinus communis Ric c 1 [72, 93]; (f) R communis Ric c 3 [72, 93]; (g) Bertholletia excelsa Ber e 1 
[18, 36]; (h) Helianthus annuus SFA8 [25, 38]; (i) Arachis hypogea Ara h 2 [70]; (x) A. hypogea Ara h 
6 [94]; (y) Juglans regia Jug r 1 [58]; (z) Gossypium hirsutum Mat5-DC [26, 55]. Sequences of the 
mature proteins (generally small and large chains together) were used for the alignment, except for 
sequences x, y and z, for which only DNA data are known (the deduced amino acid sequences were 
trimmed at the N-terminal ends to fit the length of the longest mature protein). Solid triangles show the 
consensus cysteine pattern of 2S albumins and the open triangle shows a specific position discussed in the 
text. Numbers on the right of the alignment are residue numbers. The ClustalW program [102] was used 
with dashes representing gaps introduced for best alignment. Conserved residues are shaded with darker 
shading representing higher conservation. Reprinted with permission of the publisher from Monsalve 
et al. [65]. 
48 PLANT FOOD ALLERGENSbacteria was also inhibited [42]. This activity appears to be due to effects on mem-
branes resulting in leakage of components from cells and is consistent with a role in
protection against pathogenic micro-organisms. Similarly, the demonstration that napins
and napin-like proteins from kohlrabi (B. napus var rapifera), charlock (Sinapis
arvensis) and black mustard (B. nigra) are inhibitory to serine proteinases (trypsin,
subtilisin and, in the case of charlock, also α-chymotrypsin) is also consistent with
a role in defence [43–45]. 
Finally, a role in regulating seed germination has been proposed based on the
demonstration that the reduced chains of radish (Raphanus sativus) albumins act as
calmodulin antagonists, inhibiting calmodulin-dependant kinase activities [46–48]. 
3.8 Three-dimensional structures 
The three-dimensional structure of a napin (BnIb) purified from seeds of B. napus
(oilseed rape) was determined by NMR spectroscopy [40]. This protein, which
corresponds to sequence d in Fig. 3.3, has a lower molecular mass than the typical
napins from this species and is also less heterogenous. The structure showed a compact
conformation with a high proportion of α-helical structure (Plate 3.1(a)). This is
consistent with some data from circular dichroism spectroscopy [14, 49–51], but other
authors have reported the presence of β-sheet structure [43, 44]. 
More recently, NMR spectroscopy has been used to determine the structures of two
recombinant 2S albumins (i.e. expressed in heterologous host systems) [52]. These
are the unprocessed precursors of BnIb (pro BnIb) (Plate 3.1(b)) and the castor bean
albumin Ric c 3 (Plate 3.1(c)). Preliminary data have also been obtained on the
methionine-rich sunflower albumin SFA8, using protein purified from seeds [52]. 
All of the proteins, including SFA8, appear to have similar structures, comprising five
α-helices arranged in a right-handed superhelix. Comparison of the napin (Plate 3.1(a))
and pronapin (Plate 3.1(b)) structures shows that the connection between the small
(shown in blue) and large (shown in green) chains is cleaved post-translationally with
the loss of part of the connecting loop (shown in black in Plate 3.1(b)). 
Heterogeneity in the sample precluded the determination of a high resolution
structure of the BnIb napin and only the global fold could be determined (Plate 3.1(a)).
Although still under refinement the pro BnIb structure (Plate 3.1(b)) provides
improved definition of the helical components while the castor bean Ric c 3 structure is
the best defined 2S albumin structure available at present. It can be seen that the precise
orientations of the five helices show some differences between the three proteins, with
the pro BnIb being more similar to Ric c 3 than to the mature BnIb. 
The three-dimensional structures of 2S albumins are similar to those of related
small sulphur-rich proteins of the prolamin superfamily, non-specific lipid transfer
proteins (ns LTPs) (Plate 3.1(d)), α-amylase/trypsin inhibitors (Plate 3.1(e)) and soybean
hydrophobic protein (Plate 3.1(f)). These proteins are discussed in more detail in other
chapters in this volume. 
The high level of sequence identity between Sin a 1 and BnIb allows the atomic
coordinates determined for BnIb to be used to construct a molecular model for the
three-dimensional structure of the Sin a 1 protein. This shows that the greatest
THE 2S ALBUMIN PROTEINS 49difference between the two proteins lies in the variable loop region, which is especially
short in BnIb (Fig. 3.4). This difference is also apparent in the sequence alignment
shown in Fig. 3.3 
The structure of the methionine-rich sunflower albumin SFA8 has been modelled,
using the α-amylase/trypsin inhibitor from ragi (Indian finger millet) (PDB code
1B1U) as a template. The model predicts the presence of a hydrophobic face which is
consistent with the good emulsifying properties of the protein in oil/water mixtures
[53]. Completion of the three-dimensional structure currently being determined by
NMR spectroscopy will confirm the validity of the modelling approach. 
3.9 Allergenicity of 2S albumins 
The 2S albumins constitute a major group of plant food allergens. Early studies
reported allergenic components in peas [54], cotton seeds [55], soybean [56] and castor
bean [57] while Table 3.2 lists 12 components, from nine species, which have been
characterised over the last two decades. Teuber et al. [58] have suggested that the 2S
albumins constitute an intrinsically allergenic family of proteins. 
The allergenic 2S albumins that have been studied in most detail are Sin a 1 [59, 60]
and Bra j 1 [39, 61], which are the major allergens of yellow (Sinapis alba) and oriental
(Brassica juncea) mustards, respectively. Mustard has been reported to provoke very
strong atopic reactions, sometimes leading to anaphylactic shock which requires
urgent medical care [59, 62–65]. The allergens responsible for these reactions were
isolated and structurally characterised [49, 59, 61]. In the case of Sin a 1, B-cell
epitopes were mapped by testing the reactivity of ten monoclonal antibodies in
competition and complementation assays, as well as testing their recognition towards
the chemically modified allergen [60]. Two immunodominant regions were defined,
BnIb Sin a 1 model
S/N-
S/C-
L/N-
L/C-
Fig. 3.4 Schematic ribbon representations of the napin BnIb (PDB code: 1PNB) [40] structure and the 
Sin a 1 model [59]. The loop that corresponds to the hypervariable region is drawn in black. The termini 
of the small and large chains of BnIb are labelled as S/N- and L/N- for the N-terminal, respectively, 
and S/C- and L/C- for the C-terminal, respectively. Reprinted with permission of the publisher from 
Monsalve et al. [65].
50 PLANT FOOD ALLERGENSone of which was located very close to the hypervariable region of these 2S albumins.
The latter was defined as a mustard-specific epitope [39] which was not present in
napins of oilseed rape and is indicated by the open triangle in Fig. 3.3. 
Detailed clinical studies of allergies caused by 2S albumins from mustard seeds
have been reported only in recent years [66–68]. These studies showed an increasing
incidence of mustard allergy in French children, and noted the importance of using
new tests for the diagnosis of this type of allergy. In order to avoid strong reactions in
oral food challenges a labial food challenge test was used to allow the clinical
demonstration of allergenicity. The authors include mustard among the five most
important food allergens (together with eggs, peanuts, cow’s milk and cod) which
were responsible for 78% of the cases of food allergy in 722 patients. 
Table 3.2 Characteristics of 2S albumins that have been defined as allergens. Data based on sequences 
of mature proteins are included wherever possible, complemented with data on the percursors deduced 
from cDNAs when these are complete. Accession numbers correspond to SwissProt and TrEMBL 
databases, except for L77197 that corresponds to Genbank. Proteins are shown in the same order as 
in Fig. 3.3. Reprinted, with permission of the publisher, from Monsalve et al. [65] 
(*) Size expressed as number of amino acids (only shown when the complete precursor is known). Ric c 1 
and Ric c 3 are encoded by the same precursor. 
(**) Defined as the number of amino acids of the small and large chains. In the case of SFA8 and Ara h 2, 
the mature protein is a single chain. For Mat5-D, the predicted size of chains is shown. 
(***) Identity (Ident.%) and similarity (Simil.%) percentages correspond to the alignment shown in Fig. 3.3, 
and are referred to the pairwise comparison with Sin a 1. Identities correspond to exact matches between the 
proteins and similarities to conservative changes between them.
Allergen
name 
Species and 
common name 
References Database 
accession 
number
Precursor
length (*) 
Mature 
chains’ size
(**)
MW of 
mature 
protein (Da) 
Ident. % 
(Simil. %) 
Sin a 1 Sinapis alba 
(yellow mustard) 
[59] P15322 145 39/88 14180 (***) 
Bra j 1 Brassica juncea
(oriental mustard) 
[39] P80207  37/92 14644 86 (91) 
Bra n 3 Brassica napus 
(rapeseed) 
[71] P80208  37/88 14035 92 (94) 
BnIb Brassica napus 
(rapeseed) 
[91, 92, 89] P24565  31/79 12691 47 (61) 
Ric c 1 Ricinus communis 
(castor bean) 
[72, 93] P01089 258 (*) 34/65 11212 25 (43) 
Ric c 3 Ricinus communis 
(castor bean) 
[72, 93] P01089 258 (*) 37/70 12032 20 (35) 
Ber e 1 Bertholletia excelsa 
(Brazil nut) 
[18, 36] P04403 146 28/73 12218 18 (39) 
SFA8 Helianthus annuus 
(common sunflower)
[25, 38] P23110 141 103 12155 14 (28) 
Ara h 2 Arachis hypogaea 
(peanut) 
[70] L77197 157 138 16637 14 (31) 
Ara h 6 Arachis hypogaea 
(peanut) 
[94] Q9SQG5 129   17 (34) 
Jug r 1 Juglans regia 
(English walnut) 
[58] P93198 139   21 (38) 
Mat5-D Gossypium hirsutum
(upland cotton) 
[26, 55] Q39787 139 (27/76)  12 (31) 
THE 2S ALBUMIN PROTEINS 51In the last five years, several cases of allergenicity due to other 2S albumins have
been reported. In 1996, the methionine-rich 2S albumin from Brazil nut was introduced
into soybean seeds to improve its nutritional quality for livestock feed, but allergenicity
of the transgenic seed was reported [36]. Subsequently, an immunochemical charac-
terisation of the major allergen, Ber e 1, was carried out [69]. In 1997, Ara h 2, a 2S
albumin from peanut, was characterised as a major allergen affecting more than 85%
of peanut-sensitive patients, and its immunodominant IgE epitopes were identified
[70]. More recently, other allergenic 2S albumins have also been described and partially
characterised, including Bra n 3 [71], Ric c 1 and Ric c 3 [72], Jug r 1 [58], SFA8
from sunflower [37, 38], as well as albumins from sesame seeds [73]. 
3.10 Structure/allergenicity relationships 
The first three-dimensional data available for 2S albumins [40] revealed that these
proteins had structural similarity with other plant proteins: the hydrophobic protein
from soybean (HPS) [74] and the non-specific lipid transfer proteins (LTPs) [75–77].
The same global fold is also present in the cereal α-amylase/trypsin inhibitors [78],
and these three groups of plant proteins constitute the all-alpha protein class, according
to the classification of the SCOP structural database [79]. They are described as
disulphide-rich, with a common fold of four helices, folded leaf, right-handed superhelix.
This structural similarity is of importance if we consider that some components of all
the protein groups mentioned exhibit allergenic properties. The primary structures of
these groups of proteins differ significantly and it is not possible to align their
sequences, unless knowledge of their spatial organisation is used to force the matching
of the cysteines that form conserved disulphide bonds [40, 51]. These structural
similarities have led several authors [40, 51, 78] to suggest the existence of a common
ancestral protein in plants that has diverged to give proteins with different functional
activities, but with a conserved common conformation. 
An important structural feature of 2S albumins in relation to allergenicity could be
their compactness resulting from their disulphide bond arrangement. This would confer
unusually high stability both to thermal denaturation and to digestion by proteolytic
enzymes. Indeed, this is the case for 2S albumins [80–82] and for LTPs [83, 84].
Another important property could be the ability of these proteins to interact with
membranes, as reported for LTPs [85] and 2S albumins [81]. Both of these properties
may underlie their properties as food allergens since resistance to digestion and
interaction with membranes are key factors for the allergenicity of food components
[81, 82, 86]. These properties would allow the proteins to reach the gastrointestinal
tract, almost intact, and would also favour increased cellular uptake, reduced neutralisa-
tion by secretory antibodies and decreased degradation in the blood stream [81]. 
In conclusion, 2S albumins constitute a family of important food allergens which
are structurally related to other plant proteins but still need to be studied in more detail
in order to completely elucidate their antigenic and allergenic structure. Several 2S
albumins are being studied at the moment in order to produce recombinant forms [87–90].
These will allow more detailed studies to be made, leading to improved applications
in the diagnosis and immunotherapy of this type of food allergy.
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4 Plant Lipid Transfer Proteins: Relationships between 
Allergenicity and Structural, Biological and 
Technological Properties 
DIDIER MARION, JEAN-PAUL DOULIEZ, MARIE-FRANÇOISE GAUTIER 
and KHALIL ELMORJANI 
4.1 Introduction 
Lipids are acylated hydrophobic molecules that display many different key functions
in the physiology of plants. As esters of long fatty acid and alcohol chains (i.e. waxes),
and hydrophobic polyesters of hydroxy fatty acids (i.e. cutin and suberin), they form
the protective tissues of plant organs against biotic and abiotic stresses. As triesters of
glycerol (i.e. triglycerides), lipids are the storage form of carbon and energy. As
phospholipids and glycolipids, they form, in association with proteins and sterols, the
membranes of cells and organelles to fulfil the necessary compartmentalisation of
metabolic cellular pathways. Lipids and their oxidised derivatives (e.g. phosphatidyli-
nositol, lysophosphatidic acid, jasmonate) are also involved in many important cell
signalling pathways. All these functions require cellular and extra-cellular lipid
trafficking. In regard to the insolubility of these hydrophobic molecules in the aqueous
cellular and extra-cellular compartments, lipids are transported by soluble macromolecules
and supra-molecular structures, lipid-binding proteins and lipoproteins, respectively.
As part of a search for lipid-binding proteins involved in the intracellular trafficking of
membrane lipids, a family of small hydrophilic proteins called non-specific lipid transfer
proteins (nsLTP) was discovered about 30 years ago [1]. Despite intensive work on their
structure and diversity at both the protein and the genetic levels, the precise biological
role of these proteins remains uncertain, but it is probable that they are not involved with
intracellular lipid trafficking but with the formation of protective hydrophobic cutin
and/or suberin layers and the defence of plants against microbial pathogens. Furthermore,
as highlighted in malting and brewing processes, these lipid-binding proteins can also play
a significant role in the end uses of plant-derived foods. Therefore, plant nsLTPs fulfil
key biological and technological functions that make their genes of interest to improve
both the agronomic and technological properties of most crop plants. However, the recent
discovery that nsLTPs and structurally related plant proteins could be pan-allergens of
plant-derived foods has brought new insights into the application of plant biotechnology
and plant breeding programmes devoted to this specific family of food proteins. There-
fore, the aim of this review is to relate our present knowledge of the structural, physico-
chemical and functional properties of nsLTPs with their allergenic properties. 
4.2 NsLTPs: an ubiquitous multigenic family of plant proteins 
Lipid transfer proteins are ubiquitous proteins in the plant kingdom that can enhance
intermembrane transfer without lipid specificity. Consequently, they were called
58 PLANT FOOD ALLERGENSnon-specific lipid transfer proteins (nsLTP). Until now, two main families with different
molecular masses have been identified with lipid binding and/or lipid transfer activities
being demonstrated for one or several members. One family has a molecular weight
of about 9 kDa and is referred as nsLTP1 (Fig. 4.1) and the other of 7 kDa as nsLTP2
(Fig. 4.2) [2–4]. Both families are multigenic, and more than 150 amino acid sequences
are registered in the data banks (BLAST at http://www.ncbi.nlm.nih.gov) which have
been mainly deduced from the corresponding DNA (i.e. cDNA or genes). These genes
are expressed in all plants including monocots and dicots, and in all plant organs
(e.g. seeds, fruits, leaves, roots, stems, flowers, pollen). In Arabidopsis thaliana more
than 30 different putative nsLTP1 and nsLTP2 can be identified from BLAST at
http://www.arabidopsis.org. In a single organ such as wheat seed, at least ten different
nsLTP genes are expressed during development (Gautier, personal communication),
and in the mature seed, at least two major nsLTP1s have been identified in the aleurone
layer [5] and in the embryo [6]. 
NsLTP1 and nsLTP2 are both characterised by a conserved cysteine motif that is
now considered as the nsLTP signature. All these cysteine residues are involved in
intramolecular disulphide bonds whose connectivities are strictly conserved among
nsLTP1s. With regard to nsLTP1, a mismatch at the Cys-X-Cys motif is observed in
the cysteine pairing for nsLTP2 (Fig. 4.2) that could be related to slight differences
in the overall fold [3]. Except for the cysteine signature, nsLTP1 and nsLTP2
display low or no sequence identities. Another general feature of the primary struc-
ture of nsLTPs is the absence of tryptophan residues. Comparison with different
NLTP_PYRCO    -ITCSQVSANLAPCINYVRSGGAVPPA-CCNGIKTINGLAKTTPDRQAACNCLKNLAGSVSGVNPGNAE
NLTP_MALDO    -ITCGQVTSSLAPCIGYVRSGGAVPPA-CCNGIRTINGLARTTADRQTACNCLKNLAGSISGVNPNNAA
NLT1_PRUDO    -ITCGQVSSNLAPCINYVKGGGAVPPA-CCNGIRNVNNLARTTADRRAACNCLKQLSGSIPGVNPNNAA
NLT1_PRUAR    -ITCGQVSSSLAPCIGYVRGGGAVPPA-CCNGIRNVNNLARTTPDRRTACNCLKQLSGSISGVNPNNAA
NLT1_PRUPE    -ITCGQVSSALAPCIPYVRGGGAVPPA-CCNGIRNVNNLARTTPDRQAACNCLKQLSASVPGVNPNNAA
NLTP_PRUAV    -LTCGQVSSNLAPCIAYVRGGGAVPPA-CCNGIRNINNLAKTTADRQTACNCLKQLSASVPGVNANNAA
NLTP_MAIZE    AISCGQVASAIAPCISYARGQGSGPSAGCCSGVRSLNNAARTTADRRAACNCLKNAAAGVSGLNAGNAA
NLTA_WHEAT    -IDCGHVDSLVRPCLSYVQGG-PGPSGQCCDGVKNLHNQARSQSDRQSACNCLKGIARGIHNLNEDNAR
NLT1_HORVU    -LNCGQVDSKMKPCLTYVQGG-PGPSGECCNGVRDLHNQAQSSGDR-TVCNCLKGIARGIHNLNLNNAA
NLT6_AMBAR    SPTCDTVQNILAPCAGFLTG--QEPSKACCTGVNNLNNSRKTKADRVAVCNCIKELTKSIA-YDPKRMP
NL11_PARJU    QETCGTMVRALMPCLPFVQGKEKEPSKGCCSGAKRLDGETKTGPQRVHACECIQTAMKTYSDIDGKLVS
NL12_PARJU    EETCGTVVRALMPCLPFVQGKEKEPSKGCCSGAKRLDGETKTGLQRVHACECIQTAMKTYSDIDGKLVS
NL13_PARJU    -ETCGTVVGALMPCLPFVQGKEKEPSKGCCSGAKRLDGETKTGPQRVHACECIQTAMKTYSDIDGKLVS
NL22_PARJU    EGPCGKVVHHIMPCLKFVKGEEKEPSKSCCSGTKKLSEEVKTTEQKREACKCIVAATKGISGIKNELVA
NL21_PARJU    -EACGKVVQDIMPCLHFVKGEEKEPSKECCSGTKKLSEEVKTTEQKREACKCIVRATKGISGIKNELVA
NLTP_PYRCO    GLPGKCGVN-VPY-KISTSTNCATVK--------------------------------------------
NLTP_MALDO    ALPGKCGVN-VPY-KISTSTNCATVK--------------------------------------------
NLT1_PRUDO    ALPGKCGVN-VPY-KISASTNCATVK--------------------------------------------
NLT1_PRUAR    ALPGKCGVN-IPY-KISASTNCATVK--------------------------------------------
NLT1_PRUPE    ALPGKCGVH-IPY-KISASTNCATVK--------------------------------------------
NLTP_PRUAV    SIPGKCGVN-VPY-KISPSTNCATVK--------------------------------------------
NLTP_MAIZE    SIPSKCGVS-IPY-TISTSTDCSRVN--------------------------------------------
NLTA_WHEAT    SIPPKCGVN-LPY-TISLNIDCSRV---------------------------------------------
NLT1_HORVU    LLPSKCNVN-VPY-TISPDIDCSRIY--------------------------------------------
NLT6_AMBAR    EVSTKCGVK-PDFPAVDKNLDCSKLPV-------------------------------------------
NL11_PARJU    EVPKHCGIVDSKLPPIDVNMDCKTVGVVPRQPQLPVSLRHGPVTGPSDPAHKARLERPQIRVPPPAPEKA
NL12_PARJU    EVPKHCGIVDSKLPPIDVNMDCKTLGVVPRQPQLPVSLRHGPVTGPSDPAHKARLERPQIRVPPPAPEKA
NL13_PARJU    EVPKHCGIVDSKLPPIDVNMDCKTLGVLHYKGN-------------------------------------
NL22_PARJU    EVPKKCGIT-TTLPPITADFDCSKIESTIFRGYY------------------------------------
NL21_PARJU     --PKKCDIK-TTLPPITADFDCSKIQSTIFRGYY----------------------------------------- -
Fig. 4.1 Amino acid sequences of major nsLTP1 and nsLTP1-like allergens characterised from different 
plant species and organs (SWISS-PROT accession code).
PLANT LIPID TRANSFER PROTEINS 59protein sequences registered in the data banks shows that other proteins share an
nsLTP cysteine signature, but they display low sequence identity with recognised
nsLTPs for the rest of their amino acid sequence. Consequently, it becomes important
to limit true nsLTPs to proteins that have significant identity (above 30% when the
cysteines are not taken into account) and a similar polypeptide chain length with no or
few gaps being introduced when the alignment is performed either with nsLTP1 or
with nsLTP2. For example, Ace-AMP1, an antimicrobial protein from onion seeds [7],
has a nsLTP cysteine signature and similar polypeptide chain length, and no gaps are
necessary to align with other nsLTP1s. However, with only about 25% identity with
the closest nsLTP1 sequence (cysteines are excluded) and two tryptophan residues,
Ace-AMP1 is considered to be an nsLTP1-like protein. Similarly, the allergens Par j1
and Par j2 from the pollen of Parietaria judaica should be considered as nsLTP1-like
proteins (Fig. 4.1; Table 4.1). 
Concerning relationships of food allergy with plant proteins, most of the nsLTP
allergens identified until now belong to the nsLTP1 family [8–16] (Table 4.1). While
nsLTP1s are recognised as allergens in plant-derived foods (fruits, cereals) and in
pollen, nsLTP2 has been reported as a potent allergen only in the pollen of Brassica
rapa [17](Table 4.1). The cysteine signature is also displayed by other small plant
protein allergens with no sequence identity with nsLTP such as the hydrophobic protein
from soybean (HPS), 2S [18] albumins [19] and cereal α-amylase inhibitors [20, see
also Chapter 2 in this volume]. Interestingly, HPS with an nsLTP2 cysteine pairing has
been described as the major allergen from soybean dust [21], while 2S albumins with
an nsLTP1 cysteine pairing are considered as major food allergens [22, see Chapters 2
and 3]. Although, less closely related to nsLTPs and containing five disulphide bonds,
it is worthy of note that the wheat 0.19 α-amylase inhibitor has the HPS cysteine pairing
[20] and belongs to the cereal α-amylase inhibitor family identified as responsible for
bakers’ asthma [23–24, see Chapter 5]. Finally, nsLTP1 allergens can display less
than 40% sequence identity (cysteines excluded, for example fruit vs barley) (Fig. 4.1).
This explains the low or absence of cross-reaction of IgE between some nsLTP allergens
[13, 25]. A large variation in sequence identity (27–81%) is also observed for wheat
seed nsLTPs (M.-F. Gautier, personal communication). This means that, in organs such
Vigna unguiculata      VTCNPTELSSCVPAITGGSKPSSTCCSKLKVQEPCLCNYIKNPSLKQYVNSPGAKKVLSNCGVTYPNC-
Prunus armeniaca       VTCSPVQLSPCLGPINSGAPSPTTCCQKLREQRPCLCGYLKNPSLRQYVNSPNARKLASNCGVPVPQC-
Brasica rapa           -ACDPKQLQPCLAAITGGGQPSGDCCAKLKEQQPCLCGFSKNPAFAQYISSPNSRKVLTACGIPYPSC-
Hordeum vulgare        -ACEPAQLAVCASAILGGTKPSGECCGNLRAQQGCLCQYVKDPNYGHYVSSPHARDTLNLCGIPVPHC-
Orisa sativa           ASCNAGQLTVCAAAIAGGARPTAACCSSLRAQQGCFCQFAKDPRYGRYVNNPNARKTVSSCGIALPTCH
Senecio odorus         ATCSVTELMPCSSAFTSSAAPTAQCCTKLKEQSPCLCGYLKNPTLKQYITNPNAKKVTSTCGVPIPNC
Triticum aestivum      -ACQASQLAVCASAILSGAKPSGECCGNLRAQQGCFCQYAKDPTYGQYIRSPHARDTLTSCGLAVPHC
Zynia elegans          VTCQVTQLAPCASAISSSSPPSSQCCAKIKEQKPCLCQYMKNPSLKAYVSSPNAKKVANACGVPIPKC
Arabidopsis thaliana   VTCDATQLSSCVTAVSTGAPPSTDCCGKLKEHETCLCTYIQNPLYSSYVTSPNARKTLAACDVAYPTC
Arabidopsis thaliana   -TCDARQLQPCLAAITGGGQPSGACCAKLTEQQSCLCGFAKNPAFAQYISSPNARKVLLACNVAYPTC
C   C     CC    CXC     C     C
Fig. 4.2 Amino acid sequences and cysteine pairing of nsLTP2 from different plant species. Only 
nsLTP2 from Brassica rapa has been recognised as a pollen allergen.
60 PLANT FOOD ALLERGENSas seeds, different nsLTPs can be potent allergens. Therefore, the presence of an nsLTP
cysteine signature, rather than the close sequence homologies with nsLTPs, can be
taken as the first indication that a considered protein could be a novel plant allergen. 
4.3 The nsLTP fold: a tool for identifying plant allergens? 
The three-dimensional structures of different seed nsLTP1s (wheat, maize, rice, barley)
have been determined by both NMR spectroscopy and X-ray crystallography. This
folding is characterised by a four-helix bundle, surrounded in part by a C-terminus
formed by turns that displays a saxophone-like shape (Fig. 4.3a). The folding is stabilised
by four disulphide bonds. The presence of these disulphide bonds is essential to maintain
the structure of the protein [26] and is probably responsible for the high thermal stability
of nsLTP1 [27–28]. The most interesting feature of this fold is the presence of a large
internal cavity. The surface of this cavity is covered by the side chains of hydrophobic
residues of the amphipathic helices and the C-terminal region. The size of this cavity
Table 4.1 Examples of identified nsLTP allergens in plants 
Plant Organ/tissue Allergen LTP type Accession 
Common ragweed     
Ambrosia artemisiifolia Pollen Amb a6 LTP1 NLT6_AMBAR
Mugwort     
Artemisia vulgaris Pollen Art v 3 LTP1  
Pellitory-of-the-Wall     
Parietaria judaica Pollen Par j 1 LTP1-like NL21_PARJU 
  Par j 2  NL11_PARJU 
Olive     
Oleae europaea Pollen Ole e7 LTP1  
Turnip     
Brassica rapa Pollen  LTP2 BAA25680 
Chestnut     
Castanea sativa Seed  LTP1  
Maize     
Zea mays Seed Zea m 14 LTP1 NLTP_MAIZE 
Apple     
Malus domestica Fruit Mal d 3 LTP1 NLTP_MALDO 
Apricot     
Prunus armeniaca Fruit Pru ar 3 LTP1 NLT1_PRUAR 
Sweet cherry     
Prunus avium Fruit Pru av3 LTP1 NLTP_PRUAV 
European plum     
Prunus domestica Fruit Pru d 3 LTP1 NLT1_PRUDO 
Peach     
Prunus persica Fruit Pru p 3 LTP1 NLT1_PRUPE 
Grape     
Vitis vinifera Fruit Vit v 1 LTP1 NLT4_VITSX 
Pear     
Pyrus communis Fruit Pyr c3 LTP1 NLTP_PYRCO 
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lipid-free nsLTP1s [29–33]. In fact, this cavity is a tunnel following the long axis of
the protein. Highly mobile water molecules are suspected to fill the tunnel since they
are not visible in the crystals [30, 34]. It should be noted here that all the hydrophobic
amino acids that are potent cleavage sites of pepsin are not accessible to the enzyme.
This explains the high resistance of nsLTP1s to pepsin hydrolysis [25, 28]. Determination
of the structures of different lipid–protein complexes have shown that the tunnel can
adapt its volume to bind one or two monoacyl lipids [30, 33, 35–36] and a diacylated
lipid [37]. This high plasticity of the tunnel is also highlighted by the fact that
nsLTP1s are capable of binding different types of hydrophobic molecules including
sphingolipids, prostaglandins, amphotericin B and other hydrophobic drugs [38–39].
For mono- and diacylated lipids, the complex is stabilised by a hydrogen bond
between the tyrosine of the C-terminal region and the phosphate or carboxylate group
of the lipid. When two lysophosphatidylcholines are bound to the wheat nsLTP1 [35],
Fig. 4.3 Three-dimensional structure of proteins that display an nsLTP1 fold. (a) wheat nsLTP1 
complexed with two lysophosphatidylcholines (b) HPS (c) amylase inhibitor and (d) 2S albumin (napin). 
Disulphide bonds are not displayed.
62 PLANT FOOD ALLERGENSthe second lipid adopts a dissimilar orientation with its polar head protruding outside
the protein, between helix H1 and H3. A similar orientation was observed in the case
of the barley nsLTP1 complexed with either one molecule of palmitic coenzyme A or
palmitic acid [40–41]. However, both tyrosine fluorescence and isothermal titration
calorimetry experiments indicate that barley nsLTP1, like wheat nsLTP1, is capable
of binding two monoacylated lipids [42]. Recent experiments suggest that the binding
is a very complex dynamic process that leads, in solution, to proteins with one or two
bound monoacylated lipids [Douliez, personal communication]. Irrespective of this,
our experience from protein sequencing shows that nsLTP1s become relatively resistant
to tryptic and chymotryptic cleavages, when lipids are bound in the tunnel [D. Marion,
personal communication]. This can explain the resistance to other acidic fungal proteases
[27]. Consequently, the nsLTP1 fold gives rise to proteins whose lipid-binding proper-
ties enhance their stability and resistance to proteolysis by the enzymes of the digestive
tract. This is generally considered to be an important characteristic of small allergenic
proteins [25, 43]. 
Structural information on nsLTP2 is still sparse. These proteins display a helical
structure as revealed by CD spectroscopy and, as mentioned above, similar cysteine
pairing except for the mismatch at the Cys-X-Cys motif [3]. If we assume similar
folding properties for nsLTP1 and nsLTP2, the mismatch at the Cys-X-Cys motif
can be explained by a rotation of the homologous H3 helix in nsLTP2. This phe-
nomenon is probably related to the hydrophobicity of the X residue, which is always
hydrophilic in nsLTP1 and hydrophobic in nsLTP2. As a first attempt, we have
suggested that such a mismatch could be related to the absence or presence of an
internal lipid-binding tunnel, an hypothesis that predicts different modes of binding
for nsLTP1 and nsLTP2 [3]. However, the recent structure determination of a
liganded wheat nsLTP2 by NMR spectroscopy shows that this nsLTP2 also has a
cavity [44]. 
Other plant proteins that display the nsLTP cysteine signature also have an LTP
fold such as the hydrophobic protein of soybean [18] and, to a lesser extent, 2S seed
storage proteins [19] and cereal α-amylase inhibitors [20] (Fig. 4.3b,c,d; see also
Chapter 2). These structural homologies between seed proteins have been already
predicted from comparison of their cysteine patterns [45]. Of more interest is the
fact that Ace-AMP1, an antimicrobial protein isolated from onion seeds [7], has a
fold almost superimposable to that of nsLTP1 [46]. However, as mentioned above,
except for the cysteine signature, the amino acid sequence of this antimicrobial
protein markedly diverges from that of nsLTP1. It is worthy of note that AceAMP1
is not capable of transferring lipids, probably because the tunnel is filled up with
tryptophan and phenylalanine side chains. The absence of a lipid-binding cavity is
also observed for the other protein allergens with an nsLTP fold. This means that
there is no relationship between the allergenicity and the lipid-binding properties of
this structural family of protein allergens. Although no data are available on the
stability and resistance to proteases of these plant proteins, it appears that (i) the
nsLTP cysteine signature and close cysteine pairing are associated with an nsLTP or
nsLTP-like fold, and (ii) the search for nsLTP folds among the α-helical protein
families in the protein data banks (including those of other organisms) could be a
means to detect putative protein allergens. Finally, nsLTPs are an interesting model
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since most of the small protein allergens characterised until now are all β-sheet
proteins [47]. 
4.4 The biological function of nsLTPs: possible relationships to allergy 
Although numerous data are available on the genetics, structure and biosynthesis of
nsLTPs, their real function is still a matter of discussion. All of the available struc-
tural, biochemical and physiological data confirm that nsLTPs are not involved in
intracellular lipid trafficking, but do indicate a key role of nsLTPs in the resistance of
plants towards biotic and abiotic stresses [1–2, 48–49], which is consistent with their
expression in epidermal tissues of plants and their extracellular location [50–56]. To
explain these biological roles, nsLTPs could be involved (i) in the formation of hydrophobic
protective layers (cutin and suberin), and (ii) in the inhibition of fungal growth by
interfering with the permeability of their membranes. Cutin, a hydrophobic polymer
of most aerial plant organs, is a polyester of fatty acids, fatty alcohols and hydroxy-fatty
acids, in which waxes are embedded. Suberin is a complex polymer composed of
phenolic compounds, glycerol, dicarboxy-fatty acids and hydroxy-fatty acid derivatives
[57]. Concerning the formation of protective hydrophobic layers, we have recently
suggested on the basis of the spatial and temporal expression of the corresponding
genes, that nsLTP1s are involved in the formation of cutin layers while nsLTP2s are
involved in the formation of suberin layers [2]. A role of nsLTP1 in the formation of
sporopollenin, a β-carotenoid, xanthophyll and fatty acid polymer, specific to the
pollen coat has been also suggested [58]. The precise role of nsLTPs in the formation
of cutin/suberin/sproropollenin layers is still unknown, but it can be suggested that they
transport the hydrophobic monomers to the extracellular hydrophobic-hydrophilic
cutin–cell wall interface where they polymerise and are generally located. From a
structural standpoint, the plasticity of the hydrophobic tunnel is obviously an advantage
for the formation of hydrophobic layers, since they are composed of a large variety of
saturated and unsaturated fatty acid derivatives with hydroxy, carboxy and/or keto
functions [57]. In contrast, the presence of a tunnel is not necessary for the antimicro-
bial activity of nsLTP1s, since wheat and maize nsLTP1s do not display antimicrobial
activities while the onion LTP1-like protein, Ace-AMP1, does. Although we have no
structural information on antifungal nsLTP1s, their high sequence identity with the
rice and maize nsLTP1s suggest that they have also an internal lipid-binding tunnel.
These antifungal nsLTP1s could therefore participate in both the formation of plant
hydrophobic layers and the inhibition of fungal growth by modifying the permeability
of the cell membranes. It should be noted that both the functions may contribute syner-
gistically to the resistance of plants to fungal pathogens by protecting plant cells from
invading fungi and by repairing wounded tissues. Concerning relationships between
allergy and the defence functions of nsLTP1, it is interesting to note that other patho-
genesis-related (PR) proteins are also major plant allergens [59, see also Chapters 6
and 8]. This relationship is clearly not direct but could be related to the structural
stability of these proteins that have to work in an physicochemically hostile environ-
ment. Furthermore, as observed for nsLTPs, it also appears that they are generally
64 PLANT FOOD ALLERGENSconcentrated in the external part of organs (peel of fruits, seed coat, surface of pollen)
and are immediately accessible to human cells of the digestive and the respiratory tracts.
Recently, it has been shown that nsLTP1s are recognised by a specific receptor
located on the surface of plant cell membranes [60]. This receptor is also the receptor
of elicitins [61–62], small proteins secreted by fungal pathogens of the genera
Phytophthora and Pythium [63–64]. Elicitins are 10 kDa monomeric proteins with an
α-helix fold stabilised by three disulphide bonds, which provides a hydrophobic
cavity for binding lipids with a high binding specificity for sterols, although they are
also capable of binding fatty acids [65–68]. These proteins do not share sequence
identity with nsLTPs, do not display a nsLTP fold, and have a hydrophobic cavity
rather than a tunnel. Elicitins are sterol transfer proteins, while nsLTPs cannot bind
and transfer sterols. However, it is possible to superimpose some helical domains of
nsLTP1 and elicitins, which is in agreement with their affinity and competition for the
same membrane receptor. This binding to a common receptor is related to differences
in the mode of binding and the biological responses that are triggered. Elicitins trigger
a hypersensitive, systemic, acquired and non-specific resistance that is related, at the
cell level, to a complex cascade of signalling pathways [69]. These biological and cellular
responses can be inhibited by nsLTP1s [60]. 
It is interesting to note here that nsLTP allergens trigger a hypersensitive reaction
in human cells that resembles, to some extent, the hypersensitive response of plant
cells to fungal elicitor. Therefore, it is possible to speculate that a similar subtle recog-
nition process could occur on animal membranes, i.e. the recognition of a specific
receptor and a subsequent cell signalling response. Interestingly, another cell wall
protein [70], soybean hydrophobic protein, has an nsLTP fold and allergenic properties
[21], opening an interesting question about its possible interaction with the nsLTP1-
elicitin receptor. Therefore, to go further with this speculative comparison, we can
enquire whether a binding assay to the plant nsLTP/elicitin receptor would provide
a predictive assay to screen protein allergens? 
4.5 Food processing: a way to decrease the allergenicity of nsLTPs? 
Most of the described allergies involving nsLTPs are either to pollen or fruits. NsLTP
from cereals, especially barley and wheat, are rarely described as allergens. In the case
of barley and brewing, it is interesting to note some allergic patients may be sensitive to
beers while others are not [71]. All these observations are in agreement with an
impact of food processing on the development of food allergy. In this regard, malting
and brewing are good examples of how processing can decrease the allergenicity of
plant-derived foods. 
It has been shown that nsLTP1 and protein Z (a serpin-type proteinase inhibitor)
constitute the major proteins of beer, where they contribute to the formation and
stability of head foams [72]. Both of these proteins are allergens for patients with
allergy to beer [73], but barley and malted barley contain many other proteins that
dilute them. This means that some food processing systems can concentrate the most
potent plant allergens. In contrast, wheat endosperm flours are generally used for
baked products with most of the aleurone layer and embryo that have high concentrations
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of the barley nsLTP1 is glycated through Maillard reactions during malting, espe-
cially when the water content of green malt decreases on heating [74–75]. Further-
more, the glycated protein is, in part, denatured during brewing due to both the
reduction of disulphide bonds and the heating treatment on brewing [74–77].
Consequently, if brewing concentrates the most stable proteins, and therefore the most
potent allergens, malting could lead to a decrease in their allergenicity by modification
(glycation) of the nsLTP epitopic sites. Furthermore, partial reduction and denaturation
on brewing should facilitate further hydrolysis by proteases from the digestive tract.
This example suggests that decreasing heating treatment to avoid, for example, the
loss of vitamins, could increase food allergy. In the case of wheat-baked products, the
redox compounds that are generally added (ascorbic acid, cysteine, sulphite), as well
as the disulphide bond rearrangements that are observed on heating and cooking
wheat bread doughs, could decrease the allergen potential of nsLTP1 and related
proteins.
4.6 Conclusion: what can we do to decrease allergy towards nsLTP allergen? 
This brief survey of plant nsLTPs shows that these small proteins are interesting
models to study the relationships between the structure and the biological and techno-
logical properties of a protein and its allergenic potential. Thus, the nsLTP helical
fold characterised by high compactness and stability is shared by other plant allergens.
Some of these allergenic proteins are also involved in host–pathogen interactions and
signalling pathways that, to some extent, resemble the hypersensitive reaction
involved in allergy. NsLTPs have interesting biological properties for improving plant
resistance to microbial pathogens and functional properties for food end-uses so that
a challenging conflict arises between technology, agronomic and human health interests.
So, in this context, what is possible or not possible to do to minimise the impact of
nsLTP allergens?: 
1. Using plant biotechnology to increase resistance to microbial pathogens by over-
expressing some nsLTPs [78] should be avoided or limited to expression in organs
that are not used in food processing. In the same way, all treatments intended to
improve plant resistance to virus and other microbial pathogens, through fungal elici-
tors (oligosaccharides, lipids, proteins) for example, that could induce synthesis of
potent nsLTPs and other PR-protein allergens should only be used at stages of plant
development that avoid the accumulation of these proteins in organs (e.g. seeds, fruits)
used for food. 
2. Although reduction in allergenicity by genetic engineering was demonstrated as
feasible in rice seed [79] and grass pollen [80], the presence of multigene families and
their key functions in the physiology of plants may make it difficult to reduce nsLTP
content by using antisense and co-suppression of gene expression. Furthermore, the phys-
iological and genetic drawbacks of such a strategy [see 81 for a review] are emphasised
both by the variation in responses to an allergen and, at the present time, the non-
acceptance of GMOs by consumers. 
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hydrolysis seem to be the key parameters relating to their allergenicity. Consequently,
all technological treatments that could decrease this stability and protease resistance
should lead to a significant decrease in allergenicity. This could be achieved using
redox agents (e.g. ascorbic acid, cysteine), or by improving the yield of the Maillard
reaction during cooking. As observed for nsLTPs, such treatments do not necessarily
lead to a loss of their functional properties but can result in an improvement, for
example, in the case of beer. The removal of nsLTPs by ultrafiltration could also contrib-
ute to the production of hypoallergenic fruit beverages [27]. 
4. Finally, any progress in the production of hypoallergenic plant-derived foods or
in immunotherapy will require determination of the epitopic sites recognised by IgE,
from patients allergic to different nsLTPs and structurally-related proteins (e.g.
soybean hydrophobic protein, amylase inhibitors, 2S albumins). For example, identi-
fication of the cross-reactive epitopes of the major apple and birch allergen allowed
production of a mutant with low allergenicity [82] that could be a good candidate for
immunotherapy [83]. 
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5 The Cereal α-Amylase/Trypsin Inhibitor Family 
Associated with Bakers’ Asthma and Food Allergy
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5.1 The α-amylase/trypsin inhibitor family in wheat, barley and rye flour 
A link between plant defence proteins and plant food allergens has been established
during the last decade [1, 2]. Constitutive and inducible proteinaceous inhibitors of
heterologous hydrolytic enzymes are included in such plant defence proteins [3, 4].
A large proportion of the salt-soluble proteins from flour of wheat, barley and rye,
members of the grass tribe Triticeae, belong to a single α-amylase/trypsin inhibitor
family, which is associated with allergies provoked by inhalation or ingestion of
cereal-derived products [2, 5, 6]. 
5.1.1 General characteristics and types of inhibitors 
Members of this Triticeae inhibitor family are 12–16 kDa polypeptides, usually rich in
glutamine plus asparagine and proline residues, and with four or five disulphide
bridges essential for their inhibitory activity. Some of them, besides being salt-soluble
proteins, are also extracted with chloroform/methanol mixtures, and have therefore been
named CM proteins [5, 6]. 
The inhibitor subunits are synthesised by membrane-bound polysomes, as precursors
comprising a signal peptide that precedes the N-terminal sequence of the mature protein
[7, 8]. Their synthesis is apparently restricted to the seed storage tissue (endosperm)
and peaks between 15 and 20 days after pollination, and their amount decreases
drastically with the onset of germination [8, 9]. 
Sequence identity between members of the family ranges from around 30% to 95%.
A weak relationship with a range of other proteins including the 2S storage proteins
and sulphur-rich domains from cereal prolamins, has been proposed [10, 11] (see also
Chapter 2 in this volume). 
The Triticeae inhibitors are active towards heterologous α-amylases from insects,
mites and mammals, or against trypsin-like proteases. In contrast, the endogenous
hydrolytic enzymes present in the cereal seed are not affected [5, 6]. 
Bifunctional inhibitors of both α-amylase and trypsin have been identified in other
Poaceae species, such as ragi (Eleusine coracana) [12, 13]. 
Three types of α-amylase inhibitors, monomeric, homodimeric and heterotetrameric,
have been characterised in wheat and barley, based on their degree of aggregation
[14–21; see Fig. 5.1]. The active forms of the tetrameric inhibitors include three
different subunits, one of them in two copies. Each subunit by itself shows either no
inhibitory activity or only residual activity [20, 21]. All identified trypsin inhibitors
belong to the monomeric type [5]. 
THE CEREAL α-AMYLASE/TRYPSIN INHIBITOR FAMILY 715.1.2 Inhibitor subfamilies 
Up to 23 members of the inhibitor family have been isolated and characterised in
wheat, barley and rye. Based on their degree of sequence identity (>70%) and the
similarity in inhibitory and aggregative properties (although exceptions have been
described; see below), the identified members can be grouped in ten different sub-
families (Fig. 5.2). Complete amino acid sequences have been obtained for most
inhibitor subunits, either by direct protein sequencing [22–26] or deduced from the
nucleotide sequences of the corresponding cDNA clones [17, 27–32] (Fig. 5.3).
However, only N-terminal sequences are still available in some cases [18, 19, 33–35;
see Fig. 5.2]. 
Close structural and functional relationships generally exist between subunits
within the same subfamily. However, several examples of differential behaviour
between closely related members within and between species have been described.
Thus, different anti-trypsin activities have been found in genetic variants of the barley
inhibitor BTI-CMe [36], while substantial changes in aggregative properties and
specificity towards α-amylases are shown by two isoforms of the tetrameric subunit
BTAI-CMa of the same species [37]. Similar differences have also been revealed
when comparing a homodimeric rye inhibitor (RAI-3) with its wheat and barley
counterparts (the tetrameric subunits WTAI-CM2 and BTAI-CMa; see Fig. 5.2) [33].
Finally, differences in post-translational modifications, affecting the attachment of
complex asparagine-linked glycans, have been detected in homologous inhibitors of
barley and rye (BMAI-1 versus RAI-1, respectively) [33]. 
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Fig. 5.1 A. Types of α-amylase inhibitors differing in their degree of aggregation can be detected when 
a protein preparation enriched in inhibitors from bread wheat is fractionated by gel-filtration under 
non-dissociating conditions. B. Monomeric (M), dimeric (D) and tetrameric (T) inhibitor fractions show 
different and specific subunits in two-dimensional electrophoretic maps (IEF: isoelectrofocusing; 
SGE: starch-gel electrophoresis).
72 PLANT FOOD ALLERGENS5.1.3 Inhibitory activities 
Activity against α-amylases from insects, mites, mammals and/or bacteria has been
reported for this inhibitor family [6, 38, 39]. However, the three inhibitor types,
monomeric, homodimeric and tetrameric, display high variation, both in specificity
and effectiveness, towards enzymes from different origins (Fig. 5.4). Furthermore,
distinctive inhibitory patterns are also found between members of two subfamilies
within the same inhibitor type, or, even more, between highly related active forms
(such as the wheat and barley tetramers). 
The in vitro effects of the inhibitors against the amylase activity of coleopteran and
lepidopteran pests, mainly predators of stored cereal seed, should be emphasised in
relation to their involvement in resistance mechanisms [40–42]. On the other hand,
the inhibition of the α-amylase from Dermatophagoides pteronyssinus (a house-dust
mite), which is one of the allergens (Der p 4) described in this species, suggests that
interactions between mite and cereal allergens (α-amylase/inhibitor complexes) might
occur in house-dust mite-infected flours [38]. 
The inhibitory sites of these inhibitors have not been fully determined, but have
been investigated using different approaches. The inhibitors have been proposed to
Inhibitor
subunit Activity towards Aggregation N-terminal amino acid sequence
WMAI-1 (syn 0.28) α-Amylase M SGPWSWCNPATGYKVSALTGCRAMVKLQ-CVGSQVPEAVL
WMAI-2* M M
BMAI-1 (syn Hor v1) α-Amylase
α-Amylase
M S-PGEWCWPGMGYPVYPFPRCRALVKSQ-CAGGQVVESIQ
RAI-1* D
            H M        *
WDAI-1 (syn 0.53) D SGPWM-CYPGQAFQVPALPGCRPLLKLQ-CNGSQVPEAVL
WDAI-2 (syn 0.19) D A
WDAI-3* D Y
RDAI-1* D N *
BDAI-1 α-Amylase D SGPWMWCDPEMGHKVSPLTRCRALVKLE-CVGNRVPEDVL
BDP* Unknown D ERDYGEYCRVGKSIPINPLP*
Sec c 1* D
 QC   S       SN  V ACREYV*
WTAI-CM1 α-Amylase (1st subunit) T TGPYCYAGMGLPINPLEGCREYVASQTCGIS-ISGSAVS
WTAI-CM2 T       P     S           Q    VGIV   P
WTAI-CMa T   Q         S           Q    VT-A   P
RAI-3* D
            TK          Q  *
WTAI-CM16 α-Amylase (2nd subunit) T IGNEDCTPWMSTLIYPLPSCRDYVEQQACRIET-PGS---
WTAI-CM17 T          T           N   E      M   PPYL
BTAI-CMb T V S      TA P                        PPYL
WTAI-CM3 α-Amylase (3rd subunit; two copies) T ---SGSCYPGVAFRTNLLPHCRDYVLQQTCTF-T-PGSKL
BTAI-CMd T AAAATD S     P    G           AVL
BTI-CMe Trypsin M F-GDSCAPGDALPHNPLRACRTYVVSQICHQGPRLLTSD-
RTI M SV GQ V  L M
BTI-CMc Trypsin M TSIYTCYEGMGLPVNPLQGCRFYVASQTCGAVPLLPIEV-
D M R P
R
V
K V 
G V
L
Fig. 5.2 Amino acid sequences of subfamilies of inhibitor subunits characterised in wheat (W), barley 
(B) and rye (R). Only differences in amino acid sequences within each subfamily are shown.* = only 
N-terminal sequence has been obtained. The asterisk also indicates the end of the available sequence. 
M = monomeric; D = homodimeric; T = heterotetrameric; A = α-amylase; T = trypsin; I = inhibitor.
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74 PLANT FOOD ALLERGENSbind to the catalytic site of the α-amylase competitively, forming 1:1 complexes by
a two-step model mechanism [39–43]. Site-directed mutagenesis of a wheat mono-
meric inhibitor (WMAI-1) identified the N-terminal region and position 58 as essential
for its activity [44]. Determination of the three-dimensional structure of the bifunc-
tional α-amylase/trypsin inhibitor from ragi seeds (RBI), and its complex with the
α-amylase from the coleopteran pest Tenebrio molitor, provides evidence of the
mechanism of inhibition [13, 43]. RBI consist of a globular four-helix motif with
a simple up-and-down topology. A short fragment forms an antiparallel β-sheet
between α-helices 3 and 4. Two regions in RBI, the N-terminal fragment Ser 1–Ala 11
and the segment including residues Pro 52–Cys 55, have been identified as interact-
ing with the substrate-binding groove to directly target the active site of the insect
α-amylase. WDAI-2 (synonymous 0.19) is the only α-amylase inhibitor of the
Triticeae whose tertiary and quaternary structures have been determinated [45]. Each
subunit exhibits a topology quite similar to that of BTI, with five α-helices and two
short antiparallel β-strands, suggesting that members of the inhibitor family have
a common fold. The interface between subunits in the active dimeric form seems to
include mainly α-helix 4, the C-terminal loop and the turn connecting α-helices 1 and
2 (where the reactive site of the trypsin inhibitors is located; see below). Interestingly,
most residues that make up the interface are hydrophobic. 
Among the trypsin inhibitors of the Triticeae family, that from barley, named
BTI-CMe, is the best characterised. Homologous proteins have been identified in
maize (MTI) and ragi (RBI) as well as rye (RTI; see Fig. 5.2) [12, 13, 46]. The barley
inhibitor affects both bovine trypsin and the trypsin-like activity of some lepidopteran
pests [25, 42]. It is also active against the Hageman factor (factor XII-a) of the blood-
clotting cascade and against kallikrein [47]. No anti-chymotrypsin, -papain or -pepsin
activity has been detected for BTI-CMe [48]. In contrast with the bifunctional nature
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Fig. 5.4 Inhibition patterns against α-amylases from different origins differ among inhibitor types, 
subfamilies and active forms (i.e. tetramers) from wheat and barley. Tm = Tenebrio molitor: Insect, 
Coleoptera; Ek = Ephestia kuehniella: Insect, Lepidoptera; Hs = Human saliva. 
THE CEREAL α-AMYLASE/TRYPSIN INHIBITOR FAMILY 75of the maize and ragi homologues, no significant inhibition of insect α-amylases has
been found for any BTI-CMe genetic variants analysed so far [36]. 
The trypsin reactive site of all these inhibitors is the motif proline–arginine–leucine,
located around position 34 of their primary structures [5]. This motif is present in the
trypsin-binding loop, where the conformation of the residues surrounding the scissile
bond (arginine–leucine) allows strong binding of the inhibitor to trypsin in a substrate-
like manner [13, 49]. 
The use of cereal α-amylase/trypsin inhibitor genes for obtaining transgenic insect
resistance has been recently reviewed [50]. 
5.1.4 Inhibitor genes: location and evolution 
The chromosomal location of genes encoding the different inhibitor subunits has been
determined in bread wheat (Triticum aestivum; allohexaploid; genomes AABBDD),
barley (Hordeum vulgare; diploid; genome HH) and rye (Secale cereale; diploid;
genome RR) [18, 19, 27, 34, 35, 51–54]. The genomic organisation of the correspond-
ing gene family is summarised in Table 5.1.
The data available to date indicate that the multigene family encoding inhibitor
subunits is dispersed over five out of the seven homoeologous chromosome groups.
It has been generated both by inter-chromosomal translocations and intra-chromosomal
duplications, and most of the dispersion seems to have originated in an ancestral
diploid species (the ancient progenitor of A, B, D, H and R genomes). 
The differential expression of inhibitor types and subfamilies in wheat, barley and
rye (see Fig. 5.2) suggests divergence in both the products encoded by the multigene
family, and the regulatory mechanisms controlling subunit expression in each species.
Two additional events have been shown in the alloploid species T. aestivum: silencing
of the genes located in the A genome [28; see Table 5.1] and permanent heterosis
involving positive intergenomic interactions in the case of heterotetrameric α-amylase
inhibitors [21]. 
Some of the intra-chromosomal duplications encode subunits with very similar
properties (WDAI-1 and -3 in wheat), whereas others have diverged, coding either for
two different tetrameric inhibitor subunits (WTAI-CM16 and -CM3B) or for polypep-
tides differing more widely in their aggregative and inhibitory behaviour (BTAI-CMa
and BTI-CMc). 
Finally, very low intraspecific variability has been found for the different members
of the family in wheat and barley, in contrast with the considerable variability
detected within a given genome [3, 52]. This genetic profile has allowed the use of
inhibitor subunits as biochemical markers in several phylogenetic studies [55, 56]. 
5.2 The inhibitor family and bakers’ asthma 
5.2.1 Diversity of allergens associated with bakers’ asthma 
Bakers’ asthma is a type I, IgE-mediated allergic response to the inhalation of cereal
flours. It is among the most frequent occupational respiratory disorders, and represents
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Bakers, millers, pastry factory workers and farmers are the main occupational groups
affected. The prevalence of asthma in these risk groups is around 15–30%. 
The major cause of the bakers’ asthma condition is the inhalation of wheat, barley
and rye flour proteins [57–61]. IgE antibodies to a large number of these cereal pro-
teins have been detected in the allergic subjects’ sera. Salt-soluble proteins (albumins
plus globulins) show the strongest IgE reactivities, at least in wheat [62, 63], but
prolamins (typical storage proteins, not extractable by salt solutions) have also been
implicated as potential allergens [63, 64]. 
In addition to cereal proteins, a wide array of other allergenic components have
been associated with bakers’ asthma. The most important ones include several add-
itives used to enhance wheat flour quality for baking, such as Aspergillus-derived
enzymes (mainly α-amylase) [60, 65, 66] and soybean flour proteins [67]. In addition,
cereal flour contaminants, including mites, pests, moulds and pollens, have also been
recorded [59, 61]. 
Table 5.1 A dispersed multigene family encodes the α-amylase/trypsin 
inhibitor subunits 
B,D = genomes of hexaploid wheat (Triticum aestivum; genomes AABBDD); 
H = barley genome (Hordeum vulgare; genome HH); R = rye genome (Secale 
cereale; genome RR); L,S = long and short chromosome arms, respectively. 
Other abbreviations as in Fig. 5.2. 
Subunits grouped in 
subfamilies 
Chromosomal location 
of the encoding gene
WMAI-1 6DS 
WMAI-2 6BS 
BMAI-1 2H 
RAI-1 ? 
WDAI-1 3BS 
WDAI-2 3DS 
WDAI-3 3BS 
RDAI-1 3RS 
BDAI-1 6H 
BDP ? 
Sec c 1 4RL 
WTAI-CM1 7DS 
WTAI-CM2 7BS 
BTAI-CMa 7HS 
RAI-3 4RL (7RS) 
WTAI-CM16 4BS 
WTAI-CM17 4DS 
BTAI-CMb 4HS 
WTAI-CM3B 4BS 
WTAI-CM3D 4DS? 
BTAI-CMd 4HL 
BTI-CMe 3HS 
RTI 3R 
BTI-CMc 7HS 
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It has been mentioned above that the most relevant protein fraction from wheat flour
for bakers’ asthma is the water/salt soluble fraction comprising albumins and globulins.
Up to 70 different IgE-binding spots have been identified in two-dimensional gel
electrophoresis maps of this fraction [68], and wide variation in the reactive spots has
been found among individual sera from patients suffering bakers’ asthma [69].
In spite of this variation, most studies have shown that 12–16 kDa components, corres-
ponding to members of the α-amylase/trypsin inhibitor family, are major salt-soluble
allergens in wheat, barley and rye flours [68, 70–73]. In addition, fractions enriched in
salt-soluble 14 kDa bands from wheat were shown to induce histamine release in vitro
from peripheral basophiles obtained from wheat-flour sensitive subjects [74], while
an uncharacterised 14 kDa allergen from rye increased CD23 expression in monocytes
from atopic bakers [72]. 
Homology among inhibitor subunits of wheat, barley and rye (see Fig. 5.2) seems
to partially account for the cross-reactivities between flours of these three cereals
[73, 75, 76]. Furthermore, common IgE epitopes located in the sulphur-rich non-
repetitive regions of prolamins and in the homologous sequences of inhibitor subunits
[11] appear to explain the cross-reactions between wheat prolamins (mainly α-gliadins
and glutenins) and salt-soluble proteins [64]. In particular, IgE epitopes shared by
the homodimeric inhibitor WDAI-2 (synonymous 0.19) and α-gliadin are clearly
indicated by RAST inhibition assays [64]. 
Our group has extensively demonstrated the in vitro IgE-binding capacity of purified
inhibitor subunits, almost all of which belong to different subfamilies, using sera from
Spanish patients [27, 35, 71, 76, 77–79]. Nonetheless, very different reactivities have
been reported among these allergens, the glycosylated forms showing stronger
responses (see below) [78, 79]. Members of the inhibitor family have also been iden-
tified as major allergens associated with wheat-induced asthma in patients from other
countries. Thus, Fränken etal. [80] have identified a mixture of WDAI-1 (synonymous
0.53) and WDAI-2 using sera from German subjects while Amano et al. [81] have
demonstrated the effects of WMAI-1 and WDAI-2 and a wheat homologue of barley
BTI-CMe on Japanese individuals. The latter authors also showed stimulation of
sulphidoleukotrienes by peripheral blood leucocytes from patients with the two
former allergens, and also demonstrated that similar in vitro reactivity was exhibited
by recombinant WDAI-2 (expressed in E. coli) and its natural form isolated from flour.
Only one approach has been used to locate IgE-binding epitopes in the primary
structures of the inhibitor subunits [82]. Synthetic hexapeptides spanning the complete
amino acid sequence of WMAI-1 allowed residues 9 to 26 to be identified as a high
IgE-binding region. 
5.2.3 A relevant role of complex N-linked glycans 
Wide variation in in vitro reactivity has been shown among isolated inhibitor subunits
(Fig. 5.5). The highest responses are observed with three glycosylated components,
namely BMAI-1, WTAI-CM16* and BTAI-CMb* [27, 78]. BMAI-1 is a barley mono-
meric inhibitor of insect α-amylase, which has no known wheat equivalent and has
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counterpart BTAI-CMb* are glycosylated forms of the homologous tetrameric
α-amylase inhibitor subunits WTAI-CM16 and BTAI-CMb, respectively [78]. Both
glycosylated variants are about ten-fold less abundant than their non-glycosylated
forms in the corresponding flour. On the other hand, glycosylation does not seem to
affect the inhibitory properties of the subunits [83]. 
The recognition pattern of rabbit monospecific polyclonal antibodies to different
types of complex asparagine-linked plant glycans has led to the proposed structure
shown in Fig. 5.5B for the oligosaccharide attached to the single N-glycosylation site
of the three modified subunits (BMAI-1, WTAI-CM16* and BTAI-CMb*) [79]. 
Several lines of evidence indicate an essential role of the glycan moieties in the
IgE-binding capacity of the subunits. Firstly, their in vitro and in vivo (see below)
reactivities are substantially stronger than those of their natural non-glycosylated
counterparts [78]. Secondly, chemical or enzymatic deglycosylation resulted in total
loss of their IgE-binding capacity [79]. Thirdly, only the endo-Lys peptide of BMAI-1
that harbours the single glycan is recognised by specific IgE from allergic patients [79].
The proposed N-glycan structure presented in Fig. 5.5B contains a β 1→2 xylosyl
and an α 1→3 fucosyl residue. One or both of these are found in most plant and insect
glycoproteins harbouring complex glycans, but not in mammalian glycoproteins [84].
To determine the importance of these carbohydrate residues in IgE binding, extracts
from plant, insect, mite and mammalian origin, as well as purified glycoproteins
(unrelated to the inhibitor family) with known glycan moiety structures have been
analysed using sera from patients with bakers’ asthma and with anti-plant complex
glycan antibodies [79]. Based on this and other studies [85], it can be concluded that
the presence of a β 1→2 xylosyl residue constitutes a key IgE-reactive determinant.
   T16* T16 T2    T3    M1   D2   D1
  Tb*   Tb   Ta   Td    M1*  D1    tI
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B
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Fuc β ,1 
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Man α,1
Man α,1
  6
Man  β ,1   4 GlcNAc  β,1  4 GlcNAc β ,1 N (Asn)
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Fig. 5.5 A. Different in vitro reactivities are shown by wheat (W) and barley (B) inhibitor subunits of 
heterotetrameric (T), homodimeric (D) and monomeric (M; tI: Trypsin) inhibitor types. Glycosylated 
proteins are indicated by an asterisk. B. Putative structure of the complex asparagine-linked glycan of 
inhibitor subunits BMAI-1, WTAI-CM16* and BTAI-CMb*. Man = mannose; Xil = xylose; 
GlcNAC = N-acetylglucosamine; Fuc = fucose. 
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1→3 fucose. The presence of these complex glycan residues probably explains to a
large extent the cross-reactivities between plant glycoproteins, and between these
glycoproteins and those from insects, such as bee venom phospholipase A2. 
5.2.4 Differential in vivo responses of isolated inhibitor subunits 
Skin prick test has been used to ascertain the in vivo reactivity of up to 16 purified
inhibitor subunits. Assays were carried out in two different groups of cereal-induced
asthmatic patients, mainly sensitised to wheat [75] or rye-flour [76]. Responses to
each protein tested are summarised in Table 5.2. 
A high reactivity (67–87% of positive responses) has been shown by protein
preparations enriched in components of the inhibitor family in both asthmatic groups.
Moreover, about 95% of the subjects studied reacted to at least one isolated subunit
from wheat, barley or rye. However, very different in vivo activities were displayed
by the inhibitor proteins so far assayed (from around 10% to 75% of positive tests).
In addition, wide differences are also found between homologous subunits belonging
to the same subfamily but present in different species (as clearly shown in the rye
group; see Table 5.2). 
In agreement with the in vitro IgE-binding capacities discussed above, the three
glycosylated subunits, BMAI-1, WTAI-CM16* and BTAI-CMb*, were found to be
the strongest allergens among wheat-induced asthmatic patients, as indicated by skin
sensitivity in prick tests. Interestingly, several non-glycosylated rye inhibitors (namely
RDAI-1, Sec c 1 and RAI-3) seem to be major allergens in subjects sensitised to this
cereal flour (positive responses in more than 50% of patients) in addition to BMAI-1.
5.2.5 Inhibitors and occupational sensitisation in the wood industry 
The cereal α-amylase inhibitors are not only involved in classical bakers’ asthma, the
occupational disease prevailing among professionals who work in the flour industry
(i.e. bakers and millers), but also in allergies associated with apparently unrelated
activities, such as some wood industries [86, 87]. Cereal flour, particularly from rye,
is used to increase the viscosity of the urea–formaldehyde glue employed to produce
veneer panels, and two independent groups of wood-derivative factory workers have
been shown to be sensitised to cereal proteins, mainly α-amylase inhibitor subunits
[86, 87]. Specific IgE immunodetection and skin prick tests have demonstrated
reactivity to the rye proteins Sec c 1, RAI-1 and RAI-3, as well as to other purified
subunits from wheat and barley. 
5.2.6 Other Triticeae allergens potentially associated with bakers’ asthma 
In addition to the α-amylase/trypsin inhibitor family, several other wheat or barley
salt-soluble proteins have been shown to be related to occupational cereal flour-induced
asthma. Most of them are enzymes, including amylases [88], peroxidase [89], acyl-CoA
oxidase and fructose-bis-phosphate-aldolase [90], and glyceraldehyde-3-phosphate
dehydrogenase and triosephosphate isomerase [69]. Wheat serpins, another putative
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Interestingly, a barley serpin homologue, protein Z, has recently been identified as a
beer allergen [91]. Further in vivo and in vitro studies are needed to assess the relevance
of all these proteins in bakers’ asthma. In fact, no skin prick tests on asthmatic patients
have been performed with isolated allergens belonging to these novel families, except
in the case of wheat peroxidase (around 60% of positive reactions) [89]. 
The major water-insoluble wheat proteins (prolamins), mainly α-gliadins, fast
ω-gliadins and glutenins, also appear to be implicated in cereal hypersensitivity [64].
5.3 α-Amylase inhibitors and cereal-induced allergy by ingestion 
5.3.1 A second route of sensitisation 
Cereals, particularly wheat, rice and maize, are the staple foods consumed by the
majority of the world population. Wheat is among the six major foods that account for
food allergy in US children [92]. Most studies on hypersensitivity reactions following
wheat ingestion focus on cereal-dependant, exercise-induced anaphylaxis, and on
Table 5.2 Isolated α-amylase inhibitor subunits induce in vivo responses 
as determined by skin prick test. Two groups of bakers’ asthma patients 
sensitised mainly to wheat or rye have been tested 
Inhibitor subunits are grouped in subfamilies. * = glycosylated subunits. 
W = wheat; B = barley; R = rye; IP = protein preparation enriched in inhibitors; 
– = not determined. Other abbreviations as in Fig. 5.2.
Sample Positive responses (Number of patients/%)
 Wheat (N = 31) Rye (N = 21)
WIP 27 (87) 14 (67)
BIP 27 (87) 15 (71)
RIP – 17 (81)
WMAI-1 9 (29) –
BMAI-1 15 (48) 16 (76)
RAI-1 – 6 (29)
WDAI-1 5 (16) 1 (5)
RDAI-1 – 18 (86)
BDAI-1 9 (29) –
BDP – 6 (33)
Sec c 1 – 15 (71)
WTAI-CM2 11 (35) 3 (14)
RAI-3 – 12 (57)
WTAI-CM16 7 (22) –
WTAI-CM16* 14 (45) –
BTAI-CMb 9 (29) –
BTAI-CMb* 14 (45) –
WTAI-CM3 11 (35) –
BTI-CMe 8 (26) –
THE CEREAL α-AMYLASE/TRYPSIN INHIBITOR FAMILY 81atopic dermatitis [93–95]. Prolamins have been found to be the main IgE-binding
components in both cases, and a peptide derived from the proline/glutamine-rich
domains of these storage proteins appears to be an important IgE epitope [96]. 
In contrast, information on patients suffering from gastrointestinal symptoms on
ingestion of foods containing wheat-derived products is very limited. Members of the
inhibitor family have been identified in two significant reports [97, 98], thus indicating
their capacity to sensitise susceptible atopic subjects by inhalation (bakers’ asthma),
and also by ingestion. James et al. [97] have identified WDAI-1 as a prominent aller-
gen, binding IgE from six of the seven US patients tested. Simonato et al. [98] have
shown reaction of uncharacterised 16 kDa inhibitor subunits in 10 out of 11 sera from
wheat CAP-positive Italian patients. However, these authors have claimed that bread
baking seems to result in a drastic decrease in IgE-binding to the 16 kDa allergen [99].
Finally, it should be mentioned that the wheat tetrameric α-amylase inhibitor subunit
WTAI-CM3, but not its associated subunits WTAI-CM2 and -CM16, reacts with IgE
from sera from Japanese subjects with wheat-related atopic dermatitis [100]. 
5.3.2 The rice allergen family 
A family of inhibitors of heterologous α-amylases, homologous to those characterised
in Triticeae species, are present in rice seeds [101–103]. It includes salt-soluble proteins
of 14–16 kDa and isoelectric points between 6 and 8 which are active against human
salivary α-amylase, but not against trypsin (although studies on their inhibitory prop-
erties are scarce). Up to ten different cDNA clones, grouped into four subfamilies, have
been identified for rice inhibitors, indicating that these proteins are encoded by a multi-
gene family [101, 104, 105]. However, most of the corresponding polypeptides have
not been isolated. 
A relationship between the rice, wheat and barley allergens (inhibitors) is supported
by similarities in their structures and expression patterns. RA17 (also named RAP or
16 kDa allergen), the best characterised rice member of the family, shows 21–53%
amino acid sequence identity with wheat and barley inhibitor subunits (Fig. 5.6) [5],
with the ten cysteine residues and intramolecular disulphide bridges being conserved
[106]. Furthermore, the tissue (endosperm-specific) and temporal (peaking at 10 to 20
days after flowering) expression patterns of rice inhibitors mirror those found for
wheat and barley homologues [102]. 
Although the allergenicity of the rice inhibitor family is well established [103, 107, 108],
additional studies (i.e. in vivo assays) are still needed. Data on differences in reactivity
RA17    DHHQVYSPGEQCRPGISYPTYSLPQCRTLVRRQCVGRGASAADEQVW
BMAI-1  ------SPGEWCWPGMGYPVYPFPRCRALVKSQCAG-GQVV--ESIQ
RA17    QDCCRQLAAVDDGWCRCGALDHMLSGIYRELGATEAGHP--MAEVFP
BMAI-1  KDCCRQIAAIGDEWCICGALGSMRGSMYKELGVALADDKATVAEVFP
RA17    GCRRGDLERAAASLPAFCNVDIPN--GPGGVCYWLGYPRTPR--TGH
BMAI-1  GCRTEVMDRAVASLPAVCNQYIPNTNGTDGVCYWLSYYQPPRQMSSR
Fig. 5.6 Alignment of amino acid sequences of the major rice (RA17) and barley (BMAI-1) allergens.
82 PLANT FOOD ALLERGENSbetween members are also limited [103]. The main approach to elucidate the aller-
genic properties of the rice proteins focused on the RA17 16 kDa allergen, using sera
(n = 36) from Japanese patients with atopic dermatitis, with or without bronchial
asthma [108]. The high responses in IgE immunoblotting analysis (recognised by
69% of the sera tested), positive RAST assays (all sera) and the histamine-release test
from human leukocytes have proved that RA17 is a major allergen in rice grain.
Furthermore, this conclusion is supported by significant positive correlations between
the isolated allergen and a crude rice seed protein extract in RAST and histamine-release
assays. IgE cross-reactive epitopes between RA17 and unidentified wheat and maize
components have been revealed by RAST-inhibition experiments. 
Finally, it should be mentioned that attempts to reduce the 14–16 kDa allergenic
proteins in rice seeds have been made, using the antisense gene strategy [109]. Trans-
genic plants expressing the RA17 antisense RNA have been obtained, and lower
amounts (around 25% comparing with parental wild-type rice) of 14–16 kDa proteins
and their transcripts have been detected in their seed. Whether or not this putative
hypoallergenic rice is useful for allergic patients remains to be determined. 
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6 Latex Allergy and Plant Chitinases 
ROSA SÁNCHEZ-MONGE, ARACELI DÍAZ-PERALES, 
CARLOS BLANCO and GABRIEL SALCEDO 
6.1 The latex–fruit syndrome 
The main connection between latex and plant food allergy seems to be the latex
hevein and the hevein domain of plant class I chitinases. Therefore, this chapter deals
with the involvement of these enzymes in the latex–fruit syndrome. 
6.1.1 Latex allergy and latex allergens 
Latex allergy refers to the IgE-mediated hypersensitivity caused by natural rubber
latex (NRL), which is the milky sap produced by the laticiferous cells of the tropical
rubber tree Hevea brasiliensis. NRL is a complex mixture of polyisoprene, carbo-
hydrates, lipids and proteins that is used to produce a great variety of products. Half of
them are of medical use, such as examination gloves, tubes, syringes, catheters, etc., but
others are of general use, such as protective gloves, nipples for feeding babies, condoms
and balloons. 
During the past decade, latex allergy has become an increasing problem in occupa-
tional and public health, mainly due to the generalisation of protective measures against
AIDS and hepatitis virus. The prevalence of latex allergy in the general population is
less than 1% [1], but the occurrence of specific anti-latex IgE is higher (4–7%) [2].
However, there are risk groups where the prevalence of latex allergy is higher, as is
the case of people who wear gloves at work, such as healthcare workers (5–15%) and
people who have suffered repeated surgical operations like children with spina bifida
(24–60%). 
The protein content of latex is 2–3%. More than 50 NRL proteins, out of around 250,
are able to bind IgE from latex-allergic patients in immunoblotting analysis [3–8].
Several of these proteins have been purified and characterised, and 11 of them have
allergen nomenclature designations registered by WHO–IUIS (see Breiteneder and
Scheiner [9] and Kurup and Fink [10] for reviews). The molecular characteristics and
biological functions of these 11 latex allergens are shown in Table 6.1. The significance
of these allergens as antigens is variable among the different risk groups [9, 11]. Most
of them have been cloned and expressed in heterologous systems. Both purified native
and recombinant allergens are becoming valuable tools for the diagnosis of latex allergy
through immunoblotting and skin prick tests [12], and also for immunotherapy [13]. 
Other latex allergens, without registered nomenclature, include a class II chitinase,
a class III chitinase/lysozyme and a triosephosphate isomerase [7, 8, 14]. 
Many proteins of plant foods and pollens share different degrees of homology with
latex allergens, and can potentially be recognised by IgE of latex-allergic patients [15].
These plant proteins are good candidates to be responsible for cross-reactions
between latex and plant foods or between latex and pollens. Table 6.2 lists these plant
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LATEX ALLERGY AND PLANT CHITINASES 89proteins and their counterpart latex allergens. The implications of most of these
homologies between latex allergens and plant proteins for clinical relevant allergies
requires further study, but it seems clear that hevein and its precursor prohevein are
the main latex allergens implicated in cross reactivities with plant foods. 
Hevein (Hev b 6.02) is a 4.7 kDa polypeptide of 43 amino acids, which is rich in
cysteine and glycine, and binds chitin. Its fungicidal activity, and induction by
wounding and infection has led to the proposal that it plays a defence function in the
rubber tree. It is also involved in the coagulation of latex by forming bridges between
rubber particles, which may be part of a defensive mechanism [16, 17]. 
Hevein is synthesised as a precursor of 20 kDa prohevein (Hev b 6.01), which is
cleaved by proteolysis to produce the N-terminal hevein and a 14kDa C-terminal domain
of 144 amino acids, which is also a latex allergen (Hev b 6.03). The three-dimensional
structure of hevein and its complex with N-acetylglucosamine oligosaccharides have
been solved [18–20], and its structural scheme is shown in Plate 6.1. It is comprised
of four-stranded β-sheets, five turns and a short C-terminal α-helix. Three aromatic
Table 6.2 Plant proteins and latex allergens with homologous amino acid sequences 
Plant proteins  Latex allergens 
Class I chitinases   
Avocado (Prs a 1)  
Chestnut (Cas s 5)  
Banana (Mus a 1.1 y Mus a 1.2)  
Green bean, cereals . . .  
Ficus benjamina?  
Hevein-like antimicrobial peptides  
Sambucus nigra (elderderry) Prohevein (Hev b 6.01) 
Beta vulgaris (sugar beet) Hevein (Hev b 6.02) 
Amaranthus caudatus C-terminal domain (Hev b 6.03)
Pharbitis nil Class I chitinase(Hev b 11) 
Prohevein-like  
Tobacco 
Brassica rapa (turnip) (Bra r 2) 
Win proteins (proheveins)  
Potato 
Class IV chitinases 
Grapes, maize, sugar beet, yam, carrot . . .  
Profilins 
Pollens (Bet v 2, etc.) Profilin (Hev b 8) 
Foods (Api g 4, Pru av 4, etc.)  
Patatin  
Potato (Solt t 1) Patatin homologous (Hev b 7) 
β-1,3-glucanases  
(banana, tomato, potato . . .) β-1,3-glucanase (Hev b 2) 
Acidic protein   
Kiwi Acidic protein (Hev b 5) 
Class II chitinases Class II chitinase 
Barley, chestnut, avocado . . . Class I chitinase (Hev b 11) 
Class III chitinases  
Papaya, rice, sugar beet . . . Hevamine 
90 PLANT FOOD ALLERGENSresidues (tryptophans 21and 23, and tyrosine 30), as well as serine 19 and the loop
between amino acids 13 and 15, seem to be essential for chitin and oligosaccharide
binding. Several hevein molecules can bind to the same chitin molecule, a fact that may
be related to its defensive role [21]. It must be emphasised that the main IgE-binding
epitopes so far described are located in this chitin-binding region of hevein [22,23]. 
6.1.2 Prevalence and clinical symptoms of the sensitisation to fruits 
in latex-allergic patients 
The first description of a patient with latex- and banana-associated allergy was at the
beginning of the 1990s [24]. Soon after, there were some reports of patients showing
simultaneous allergy to latex and several fruits [25–29]. In 1994, the existence of
a latex–fruit syndrome was proposed, based on the clinical observation of an unex-
pected high rate of fruit immediate hypersensitivity in a group of 25 latex-allergic
patients [30]. In this study, almost 50% of latex-allergic patients showed food allergy.
Implicated fruits were mainly chestnut, avocado and banana; although kiwi, papaya
and other foods were also involved. With respect to their clinical manifestations, half
of the adverse reactions consisted of systemic anaphylaxis, thus demonstrating the
clinical relevance of these associated sensitisations; and the other half varied between
urticaria, angioedema and oral allergy syndrome. 
Foods responsible for adverse reactions in a group of 50 latex-allergic patients,
as well as their clinical manifestations, are summarised in Fig. 6.1. Among these
50 patients, a total of 72 food symptomatic sensitisations were diagnosed. Banana and
avocado hypersensitivities were most frequent (28% of the 50 latex-allergic patients
showed allergy to them), followed by chestnut (24%) and kiwi (20%) [31]. 
Although there are no close taxonomic relationships between the various plant
foods implicated in this latex–fruit syndrome, its existence has been fully
0%
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20%
25%
30%
Avocado Banana Chestnut Kiwi Others*
U/AE/OAS Anaphylaxis
Fig. 6.1 Relative frequency and clinical manifestations of food allergies in a group of 50 patients 
allergic to latex. U: urticaria; AE: angioedema; OAS: oral allergy syndrome.
*Including foods such as papaya, fig, passion fruit, Prunoideae fruits (peach, medlar, plum), potato, nuts 
and cereals.
LATEX ALLERGY AND PLANT CHITINASES 91confirmed by other authors from different countries [32–37]. A comparison of
these studies leads to the following observations: 
1. The proportion of latex-allergic patients who show associated food allergy varies
from 21% to 58% among the studies considered (Table 6.3). This variability could be
explained by differences in diagnostic criteria, both for latex allergy and food hyper-
sensitivity. In this context, the criteria for diagnosing latex allergy are not standardised,
and a gold standard is not available, and therefore latex-allergic patients are not simi-
larly selected. Furthermore, food oral challenge tests have not been performed with
these patients, leading to a probable over-diagnose of food allergies. However, differences
in food consumption habits could also play a role. In any case, as usually observed
when dealing with food allergy, the rate of food sensitisations among latex-allergic
patients could be considerably higher, with many of them being asymptomatic [35]. 
2. As previously suspected, the type and proportion of food sensitivities associated
with latex allergy vary among these studies [30]. This fact may be explained by differ-
ences in the nutritional habits between countries [30, 36]. As an example, chestnut
and avocado allergies are less frequently diagnosed in Germany than in Spain, prob-
ably because these foods are less consumed in the former. 
3. In the same way, the rate of food anaphylactic reactions varies between the studies,
from 50% [31] to less than 5% [36] of recorded adverse food reactions. Again, differ-
ences in diagnostic criteria and food consumption habits could explain these figures.
In fact, certain foods seem to be more prone to induce systemic anaphylaxis, such as
banana, avocado, chestnut and kiwi [30–35]. Other foods, which are not very often
associated with latex allergy, may also induce anaphylactic reactions, as for example
fig, papaya and tomato. Other foods such as potato usually induce mild local reactions
[35]. As frequently described with latex allergy, systemic anaphylaxis could be the
initial manifestation of the food hypersensitivity. 
Table 6.3 Occurrence of food hypersensitivity among latex-allergic patients
PPT: prick by prick test; SPT: skin prick test; IgE: food-specific IgE determination.
Reference Country No. of 
latex-allergic 
patients
% of food sensitisation/allergy 
(diagnostic criteria) 
Blanco et al. 1994 Spain 25 52% (history + PPT) 
Mäkinen-Kiljunen 1994 Finland 31 52% (history) 
  35% (PPT) 
Lavaud et al. 1995 France 17 58% (history + SPT) 
Delbourg et al. 1996 France 16 50% (history) 
  36% (SPT) 
Beezhold et al. 1996 Canada 47 36% (history + SPT) 
  70% (SPT) 
Blanco 1997 Spain 50 46% (history + PPT) 
Brehler et al. 1997 Germany 136 43% (history) 
  69% (IgE) 
  14% (history + IgE) 
Kim & Hussain 1999 USA 137 21% (history) 
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Early studies using different methods, such as RAST inhibition, clearly demonstrated
cross-reactivity between latex and various fruits [30, 32, 35, 36, 38, 39]. Several fruit
antigens with common epitopes with latex allergens were identified by immunoblot
inhibition assays [40, 41]. Moreover, the main uncharacterised allergens responsible
for cross-reactivity of avocado and banana with latex were found to be 30–37 kDa in
size [33, 34]. 
Chitinases are one of the most abundant protein types described and characterised
in chestnut seeds [42], one of the foods more often involved in the latex–fruit syndrome
in Spain. Chestnut class I chitinases have a molecular weight of around 30 kDa, and
contain an N-terminal region with more than 60% sequence identity with the latex
allergen hevein (Hev b 6.02). The similarity in their molecular weights, to those of the
avocado and banana allergens, and the presence of an hevein domain indicate that fruit
class I chitinases may be the major allergens implicated in the latex–fruit syndrome.
6.2 Plant chitinases 
Chitinase enzymes are widely distributed among living organisms. They are present
in organisms that contain chitin, such as arthropods, crustaceans and fungi, as well as
in others without chitin such as bacteria, higher plants and vertebrates. The main natural
substrate of chitinases is chitin, which is the second most abundant polysaccharide in
nature after cellulose. Chitin is a linear polymer of N-acetylglucosamine (GlcNAc)
with β-1,4 linkages, and is a major structural component of fungal cell wall, arthropod
cuticles and crustacean exoskeletons. 
The biological function of chitinases in invertebrate organisms is the hydrolysis of
chitin in cell walls and cuticles during growth and moulting processes [43, 44].
In organisms lacking chitin, it seems that the major role of chitinases is defence
against predators. 
Plant chitinases are mostly endochitinases, which randomly hydrolyse internal
β-1,4 linkages of chitin and of GlcNAc-containing oligosaccharides. Some of them
also show lysozyme activity, hydrolysing the β-1,4 linkages between N-acetyl-muramic
acid and GlcNAc residues of bacterial pectidoglycan. 
Plant chitinases have been classified into six classes (I–VI) based on homologies in
their primary structures [45, 46] and consensus sequences [47]. Figure 6.2 shows a
schematic representation of their structures and homology relationships. Class I chitinases
have a molecular weight of around 33 kDa and share an N-terminal sequence, the
hevein-like domain, of approximately 40 amino acid residues with almost 70%
sequence identity with the latex hevein. This N-terminal domain is linked to the
catalytic domain, where the active center is located, through a hinge rich in glycine
and proline or hydroxyproline residues. Other chitinases with one or two hevein
domains are placed in classes IV and V, respectively. Class II chitinases and the
catalytic domain of class IV chitinases are homologous to the catalytic domain of
class I chitinases (with amino acid deletions in the latter case). Class III chitinases
also show lysozyme activity. Class VI chitinases are not homologous to the other five
LATEX ALLERGY AND PLANT CHITINASES 93classes but have some sequence identity to bacterial exochitinases. All of these
chitinase classes are included in family 19 of glycosyl hydrolases, except the class III
enzymes that belong to family 18 [48]. The two glycosyl families differ in structure
and catalytic mechanism [49]. Family 19 enzymes have a core structure of α-helices
and display an inverting mechanism (single displacement), while family 18 members are
essentially (αβ)8 barrels that operate by a retaining mechanism (double displacement). 
Several lines of evidence support the suggestion that the main biological function
of plant chitinases is defence against predators: (a) they are induced by infection and
also by ethylene and salicylic acid, two plant hormones implicated in defence
responses of plants [50–54]; (b) in vitro, they are toxic to fungi, although in some cases
only in combination with β-1,3-glucanases [55–57]; (c) transgenic plants expressing
chitinase genes have reduced susceptibility to fungal infection [58–62]. In fact,
chitinases are included in different classes of the PR (pathogenesis-related) proteins,
so called because they are induced by wounding, infection or pest attack, and may be
toxic to pests and pathogens (see van Loon and van Strien [63], for a review of the
nomenclature and function of PR proteins). 
Furthermore, several types of chitinases, among other defence proteins, contribute
to the plant immune mechanism known as systemic acquired resistance (SAR) [53, 64].
In this way, some of the most recent agricultural fungicides that are activators of
SAR, like probenazole or benzothiadiazole (BTH) can induce the expression of
chitinases. 
Plant chitinases may also have other physiological functions. They are involved in
the control of embryo development. In carrot, it has been shown that they are able to
rescue a somatic embryo mutant [65, 66]. Some chitinases have also been implicated
in the defence of plants against abiotic stresses such us cold and freezing. Winter rye
accumulates cold-responsive chitinases that show antifreeze activity when expressed in
E. coli [67]. Chitinases also regulate the activity of nodulation (nod ) factors during infec-
tion of Leguminoseae plants by the symbiotic nitrogen-fixing bacteria Rhizobium spp.
Nod factors are lipochitooligosaccharides with β-1,4 linked N-acetylglucosamine sub-
units. These molecules, produced by the bacteria, act as plant-growth regulators that
elicit morphogenetic responses in the plant (host) that favour nodule development [68].
It has been found that some chitinases, mainly of class II, are induced by nod factors
which are then hydrolysed and inactivated by them [69]. It has been postulated that
I
II
IV
V
III
VI
Fig. 6.2 Structures and homology relationships of plant chitinases. I–VI are the main chitinase classes. 
White areas represent hevein domains and hatched areas represent catalytic domains with different 
degrees of sequence identity. 
94 PLANT FOOD ALLERGENSthrough this hydrolysis, plant chitinases may regulate the timing of nod activity and
even the specificity of the bacteria–host plant interaction [70]. Moreover, different
chitinase classes have distinct substrate specificities towards modified nod factors
in vitro [71]. 
6.3 The panallergens of the latex–fruit syndrome are class I chitinases 
6.3.1 Chestnut, avocado and banana class I chitinases as major allergens 
of the latex–fruit syndrome 
Different authors have identified class I chitinases from avocado [72–75], chestnut
[72, 75] and banana [72, 77], three of the fruits most frequently related to the latex–fruit
syndrome as the allergens responsible for this cross-reactivity [76]. 
The IgE-binding proteins shown in Fig. 6.3 were purified and characterised. Like
class I chitinases, they show chitinase activity, bind anti-chitinase IgG antibodies, and
their N-terminal amino acid sequences are homologous to the latex hevein. Other
proteins of avocado and chestnut which have lower molecular weights, react with the
chitinase antibodies but do not bind IgE of latex–fruit-allergic patients have been
identified as class II chitinases [72]. 
A B C
 Cs   Pa  Ma    Cs   Pa   Ma  Cs Pa  Ma
6.5
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200
Fig. 6.3 IgE-binding proteins from chestnut (Castanea sativa: Cs), avocado (Persea americana: Pa) 
and banana (Musa acuminata: Ma). Protein extracts from the corresponding fruits were separated by 
SDS-PAGE. Replica gels were stained with Coomassie Blue (A) or electrotransferred to PDVF 
membranes and immunodetected with monospecific polyclonal anti-chitinase antibodies (B) or with 
a pool of sera from latex–fruit-allergic patients (C). 
LATEX ALLERGY AND PLANT CHITINASES 95In immunoinhibition assays with purified proteins such us those shown in Fig. 6.4,
class I chitinases, but not class II chitinases which lack the hevein domain, completely
inhibited the IgE binding of crude protein extracts from chestnut, avocado and
banana. A latex protein extract also inhibited the IgE binding of the chestnut extract.
In RAST inhibition assays, class I chitinases inhibited nearly 90% of the IgE bind-
ing of crude extracts, while only around 40% of inhibition was reached with class II
chitinases [75, 79]. Moreover, purified hevein completely inhibited the IgE-binding
capacity of avocado protein extracts, when sera of latex- and avocado-allergic patients
were used [74, 78]. 
Skin prick tests with the purified chestnut, avocado and banana class I chitinases
were positive in more than 50% of the patients studied, while the figures were much
lower for class II chitinases [75, 77]. 
6.3.2 The hevein domain of class I chitinases is mainly responsible for their 
IgE-binding capacity but the catalytic domain may also have 
an important role 
The in vitro and in vivo experiments described above point to class I chitinases as
major allergens related to latex allergy in chestnut, avocado and banana. Their hevein
domains play a crucial role in the IgE-binding capacity of these proteins, and hevein
seems to be the cross-reacting allergen in latex. 
Cs      Cs     Cs      Pa      Pa       Pa     Ma       Ma       Ma     Cs     
        +Ca s 5     +Cs ChII                    +Prs a 1    +Pa ChII                     +Mus a 1.1 +Mus a 1.2    +Hevb
Fig. 6.4 Immunoblot of inhibition assays using purified class I and II chitinases as inhibitors. 
Crude protein extracts from chestnut (Cs), avocado (Pa) or banana (Ma) separated by SDS-PAGE and 
electrotransfered to PVDF membranes were immunodetected with a pool of sera from latex–fruit-allergic 
patients preincubated with buffer or with purified class I chitinases from chestnut (+Cas s 5) avocado 
(+Prs a 1) or banana (+Mus a 1.1 and +Mus a 1.2), as well as class II chitinases from chestnut (+CsChII) 
or avocado (+PaChII) and a crude latex protein extract (+Hevb).
96 PLANT FOOD ALLERGENSThe amino acid sequences of the hevein-like domains of class I allergenic
chitinases from avocado, chestnut and banana are aligned with that of latex hevein in
Fig. 6.5. The high degree of sequence identity between the hevein domains of these
proteins and the latex hevein must account for the presence of common epitopes,
which are recognised by IgE antibodies of latex–fruit-allergic patients. 
Figure 6.5 also shows the amino acid sequence of a latex class I chitinase (Hev b 11)
that has been characterised and expressed as recombinant product, fused to maltose-
binding protein [79]. Its role in the sensitisation of latex-allergic patients to fruits
needs to clarified. It is surprising that only 22% of the latex-allergic patients studied
had IgE specific to Hev b 11. Inhibition of hevein IgE-binding by Hev b 11was also
low. 
The amino acid sequence of a tobacco class II chitinase is also shown in Fig. 6.5 as
representative of this type of chitinase that lacks the hevein domain, but shows a high
degree of sequence identity with the catalytic domain of class I chitinases. The presence
of allergenic class I and class II chitinases in latex may imply that other epitopes,
besides those of the hevein domain of chitinases, can contribute to fruit hypersensitivity
in latex-allergic patients. 
A
Hev b 6.02 EQCGRQAGGKLCPNNLCCSQWGWCGSTDEYCSPDHNCQSNCKD        % of sequence identity
Prs a 1    EQCGRQAGGALCPGGLCCSQF GWCGSTSDYCGPT     CQSQCGG 73,0
Cas s 5    EQCGRQAGGAACANNLCCSQ GWCGNTAEYCGAG    CQSQCSS 70
Mus a 1.1  EQCGRQAGGALCPGGLCCSQYGWCGNTDPYCGQG    CXSQCTG 68
Hev b 11w  EQCGRQAGGALCPGGLCCSQYGWCANTPEYCGSG     CQSQCDG 68
B
 Prs a 1       VTPSP GG         GV SLIS S F MLKHRNDAAC KGFYTYNAFIAAA FN FASV GDTAT RKRE I AAFLAQTSHETTGGW
Cas s 5    PT TTT S S PTASS GGGG VGSLIS SLF DQMLKYRNDPRCKSN GFYTYNAFIAAARS FNGFGTTGD VTT RKRE L AAFLAQTSHETTGGW
Mus a 1.1  S TPSPS T PS   GGGS SIISS SLF EX P KGFYTYNAFIAAA F S GFGTTGD T XX RE
Hev b 11w    GGGGED    GG I T F
NT chII                       QGIGSIVTSD LF NEMLK RNDGRCP GFYTYDAFIAAAN S F PGFGTTGDDTARRKEIAAF FG QTSHETTGGS
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NT chII EP  FTG GYCFV RQNDQSD               RYY GRGPIQLT NRNNYEKAGT AIG QEL VNNPDLVATDATISFKTAIWFWMT
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Fig. 6.5 A. Amino acid sequence alignment of latex hevein and the hevein domains of fruit allergenic 
and latex class I chitinases. B. Amino acid sequence comparison of the catalytic domains of fruit 
allergenic and latex class I chitinases and tobacco class II chitinase. Hev b 6.02: Latex hevein (accesion 
number P02877); Prs a 1: Avocado class I chitinase (Z78202); Cas s 5: Chestnut class I chitinase 
(U48687); Mus a 1.1: Banana class I chitinase (AF001524); Hev b 11: Latex class I chitinase 
(AJ238579); NT chII: Tobacco class II chitinase (X51425). 
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IgE-binding capacity has been studied more directly [80] by using a chestnut class I
chitinase (Cas s 5) cDNA clone [81]. The complete mature protein clone (rCas s 5)
and a deletion mutant (rCAT), which only includes the catalytic domain, were expressed
in the yeast Pichia pastoris and the recombinant products purified. Both the recom-
binant proteins showed chitinase activity and were recognised by anti-chitinase
antibodies. In IgE-immunodetection, only rCas s 5, but not rCAT, bound IgE from the
sera of latex–fruit-allergic patients. Moreover, the latex hevein almost completely
inhibited this IgE binding. It can be concluded from these results that the main IgE
epitopes of class I chitinases involved in the latex–fruit syndrome are located in their
hevein domain, and that latex hevein is the cross-reactive latex allergen.
However, it should be pointed out that the immunodetection and immunoinhibition
assays described above were done in the presence of denaturating agents. In RAST
(CAP) experiments, which were carried out in native conditions, chestnut class I
chitinases (natural and recombinant) inhibited more than 90% of the IgE binding of
the chestnut protein extract. The fact that both rCAT and native chestnut class II
chitinase inhibited this IgE binding at levels approaching 60% suggests that there are
also IgE epitopes in the catalytic domain, probably conformational ones, that are not
detectable under denaturing conditions. 
6.3.3 Class I chitinases as panallergens of the latex–fruit syndrome 
As discussed above, chitinases are widely distributed in plant foods. The role of class
I chitinases as potential panallergens implicated in the latex–fruit syndrome has
recently been studied [82]. Protein extracts from 19 plant foods, showing different
relationships with latex allergy, including fruits, legumes, vegetables, nuts and cereals,
were analysed. The presence of 30–45 kDa proteins, which reacted with anti-chitinase
antibodies and bound to IgE from sera of latex–fruit-allergic patients, was detected
not only in foods previously related with the syndrome (kiwi, chirimoya, passion fruit,
papaya, mango and tomato), but also in other foods not usually associated with it. The
IgE binding of these proteins was inhibited by a latex protein extract and purified
allergenic class I avocado chitinase (Prs a 1). These results indicate that putative class I
chitinases (or closely related allergens) are the main panallergens implicated in the
latex–fruit syndrome. The fact that these proteins do not bind the IgE of patients who
have latex allergy but are not sensitised to fruits, suggests different patterns of sensi-
tisation for the two types of allergic patients. 
An association between allergies to latex and the ornamental plant Ficus benjamina
has been described recently [83]. Once again, the cross-reactive allergen is latex hevein,
and its counterpart in F. benjamina is an acidic protein with a molecular weight of
about 45 kDa and an N-terminal hevein-like domain [84]. 
6.3.4 Heat inactivation, ethylene induction and digestive behaviour of plant 
allergenic class I chitinases 
Raw plant foods, such as fruits, have mainly been related to the latex–fruit syndrome.
In contrast, those foods that are subjected to home or industrial heat treatments are
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This fact can be explained by the heat inactivation of these allergens. 
The heat inactivation of class I allergenic chitinases has been investigated using
green bean as a model system [85]. Green bean is a legume which is widely consumed
after cooking and is not associated with the latex–fruit syndrome, but has an ethylene-
induced class I chitinase [50]. A class I chitinase purified from green beans bound IgE
from latex–fruit-allergic patients’ sera, and provoked skin prick reactions in seven out
of eight patients analysed. It has around 75% sequence identity with the allergenic
avocado and chestnut class I chitinases, and is fully cross-reactive with the avocado
protein in immunoinhibition assays. After a heat treatment of 15 minutes at 100°C,
both the green bean and the avocado class I chitinases lost their in vitro IgE-binding
capacity, and did not provoke positive skin prick tests in the same patients who
reacted to the untreated allergens. This inactivation was also observed in commercial
canned and frozen green beans, as well as in chestnut derivatives, such us puree and
syrup, all of which have undergone a heat treatment during their industrial processing
(Sánchez-Monge et al. unpublished). 
The amount of green bean class I chitinase was effectively increased by ethylene
treatment. Ethylene is a plant hormone that is used to hasten ripening of fruits such as
apple, avocado, banana and tomato. This result could be of clinical relevance because
ethylene treatment can strongly increase the allergen content of these fruits. 
Stability to proteolytic digestion has been proposed as a general characteristic of
food allergens [86]. There are only two inconclusive studies on the stability of plant
class I chitinases using simulated gastric fluid. In one of them [87], putative class I
chitinases, after a few minutes of treatment, were not detected by protein staining or
by immunodetection with latex–fruit-allergic patients’ sera. Posch et al. [74] showed
that the avocado allergen (Prs a 1) was rapidly hydrolysed, but the 4–6 kDa molecular
weight peptides arising from this were stable even after 60 minutes of treatment and
completely inhibited the avocado-IgE specific binding of sera from avocado and
latex-allergic patients. It is probable that proteolytically stable peptides with molecular
weights similar to that of hevein contain the IgE-binding epitopes responsible for this
cross-reactivity. 
6.4 Other plant proteins with hevein-like domains that could be implicated 
in plant–latex cross-reactivities 
In addition to class I chitinases, class IV and V enzymes and other plant proteins have
domains homologous to latex hevein. Among them are the turnip and tobacco pro-
heveins, as well as tomato and potato Win (wound-induced) proteins, which also have
C-terminal domains highly similar to that of the hevein precursor, prohevein. 
Wheat germ agglutinin has four hevein domains in tandem. Other plant lectins,
such us those from Pharbitis nil, elderberry, stinging nettle, mistletoe and amaranthus,
are peptides of 30–48 amino acids homologous to latex hevein (Fig. 6.6). 
The biological function of these chitin-binding proteins is thought to be defensive
[88]. Most of them are toxic to fungi and, in some cases, antibacterial and insect anti-
feeding activities have been described. The toxicity of chitinases may be derived from
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chitin-binding proteins, and the molecular mechanism of their toxicity is not well
understood. Low molecular weight lectins can pass through the cell walls of fungi
and affect their morphogenesis [89]. This mode of action is supported by the fact that
the larger lectins of the Gramineae are not toxic to fungi, and their insect antifeeding
properties may be due to chitin binding in the peritrophic membranes of the insect
gut [90]. In some cases, the chitin-binding capacity of these peptides is not essential
for their defensive function, since they are toxic to the fungi which do not contain
chitin. The fact that they induce pores in cellular membranes, with loss of cellular
components and cell lysis [91], suggests a toxic mechanism similar to that of other
antimicrobial peptides, like thionins and lipid transfer proteins (LTPs) [92, 93]. It is
noteworthy that, as mentioned above, the levels of these defensive proteins are
increased by certain agricultural treatments. 
The hevein domain of these proteins might be recognised by IgE antibodies of
latex-allergic patients, since their similarity with latex hevein is quite high (up to 70%
of sequence identity). There are only a limited number of studies about these possible
cross-reactivities, that are described below. 
In immunoblotting analysis, wheat germ agglutinin (WGA) binds to IgE of sera
from latex-allergic patients [23]. The binding was fully inhibited by a latex protein
extract, but WGA only exerted weak inhibition of the binding of latex hevein and
prohevein IgE. The almost complete sequence identity between one of the hevein
epitopes and some regions of WGA probably explains this fact. However, in another
study [72], the sera of latex–fruit-allergic patients did not recognise WGA, and the
agglutinin did not inhibit the IgE binding of the class I chestnut chitinase. As discussed
above, it is possible that different IgE-binding epitopes in latex hevein are differen-
tially recognised by sera from latex and latex–fruit-allergic patients. 
Hänninen et al. [94] showed that a turnip prohevein binds IgE of sera from more
than 80% of latex-allergic patients. This binding was 80% inhibited by hevein, and
there was a complete inhibition by latex prohevein. The turnip prohevein is not
Heveín            EQCGRQAG- - GKLCPNNLCCSQWGWCGSTDEYCSPDHNCQS N CKD             %   identity
Win-1                QQCGRQKG- -GALCSGNLCCSQ  WCGSTP EFCSPSQGCQS R - CTG                   67,5
ProHevT         QQCGRQRG- -GALCSGNLCCSQ FGWCGSTPEYCSPSQGCQS Q - CSG                   69,8
ProHevB                         QAG- -GQTCAGNICCSQ YGY  TTAD-YCSPDNNCQATYH                          51,2
WgA-3                IKGSQAG- -GKLCPNNLCCSQWG EFCG - - GGCQSGACSTD                  62,4
Pn-AMP1        QCGRQAS- - GRLCGNRLCCSQWGYCGSTAS YCGA- - - GCQS QCRS                      62,8
SN-HLP     GPWQCGRDAG- -GALCHDNLCCS 52,9
VS-LEC       IDHRCGREATPPGKLCNDGRCCSQWGWCG 51,0
UDA-1 CGSQGG- -GGTCPALWCCSI WGWCG C 43,2
Ap-Ama-1       GECVR - - - - - -GR -CPSGMCCSQ FGY CGKG P YCGRASTTVDHQAD                          34,9
ChIV-Beet      QN C- - - - - - - - - - - - CA PN LCCSNFG FCGTGTP YCGVGN- CQSGPCEGG                  37,8
FG
              QR
CG
FWGF CGSTYQYCED- - - -GCQS Q CRDT                  
F CGLGS
TTQAYCSGK- - -CQSQCDCN
DSEPYCG- - -  RTC WSGENK-
Fig. 6.6 Amino acid sequence alignment of latex hevein and the hevein domains of different plant 
proteins. Hevein: Latex hevein (accesion number P02877); Win-1: Solanum tuberosum (potato) wound-
induced protein 1 (P09761); ProHevT: Nicotiana tabacum (tobacco) prohevein-like defense protein 
CBP20 (S72452); ProHevB: Brassica rapa (turnip) prohevein-like allergenic protein (P81729); WgA-3: 
Triticum aestivum (wheat) germ agglutinin domain 3 (P10968); Pn-AMP1: Pharbitis nil: antimicrobial 
protein 1 (P81591); SN-HLP: Sambrucus nigra (elderderry) hevein-like protein (AF074385); VS-LEC: 
Viscum album (mistletoe) lectin (P81859); UDA-1: Urtica dioica (nettle) agglutitin domain 1 (X13497); 
Ap-Ama-1: Amaranthus caudatus (amaranth) antimicrobial peptide 1 (P27275); ChIV-Beet: Beta 
vulgaris (sugar beet) class IV chitinase (S46536). 
100 PLANT FOOD ALLERGENSpresent in healthy plants, but it is induced by ethylene and salicylic treatment. The
cross-reactivity of a tobacco prohevein has been also studied by Hänninen et al. [95].
Sera from 73% of latex-allergic patients showed IgE binding to this prohevein, with
the IgE binding being inhibited by purified latex prohevein. Some of the sera that
recognised the tobacco prohevein had specific IgE against prohevein, but not against
hevein. In this way, the high degrees of sequence identity between the C-terminal
domains of turnip and tobacco proheveins, and between the potato and tomato
Win-proteins and latex prohevein may account for the cross-reactivity of these plant
species and latex. Some of the sequential B epitopes of the latex prohevein have been
located in its C-terminal domain [22–23]. 
6.5 Final remarks 
Plant class I chitinases have been identified as major allergens responsible for the
latex–plant food cross-reactivities known as latex–fruit syndrome. Their N-terminal
regions, which are homologous to the latex allergen hevein, seem to contain main
epitopes recognised by IgE of the sera of latex-allergic patients. 
Due to the heat inactivation of these allergens, only raw consumed foods, mainly
fruits, are associated with the syndrome. The amount of these allergens in fruits may
be increased by ethylene treatments used to hasten fruit ripening. 
cDNA clones for some of these allergenic chitinases and the corresponding recom-
binant proteins have been obtained, and will be useful for the diagnosis and potential
immunotherapy of latex-related allergy. Moreover, by protein engineering and modelling
the three-dimensional structures, it may be possible to locate the major IgE epitopes
and to obtain hypoallergenic variants. 
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7 Profilins 
CHRISTIAN RADAUER and 
KARIN HOFFMANN-SOMMERGRUBER 
7.1 Introduction 
Profilins are small (12–15 kDa), cytosolic proteins, which are found in all eukaryotic
cells. They were first described in 1977 [1] as actin-binding proteins which sequester
actin monomers and inhibit actin filament growth in vitro. Allergologists’ attention
was drawn to profilins in 1991, when a highly cross-reactive minor birch pollen
allergen, Bet v 2, was identified as a profilin [2]. Since then, profilin cDNAs from
numerous plants were cloned and their immunological properties described. It turned
out that allergenic profilins are found in nearly every type of plant allergen source
such as pollens, fruits, vegetables, spices, seeds, nuts and latex. 
Allergic patients whose sera contain profilin-specific IgE commonly show allergic
symptoms towards a large number of botanically unrelated plants. However, the
extensive in vitro cross-reactivity of profilin-specific IgE does not always reflect the
clinical sensitisation pattern. The link between in vitro sensitisation and apparent
clinical symptoms is not fully understood up to now, which poses a problem for the
interpretation of diagnostic data, such as measurement of specific IgE. The clarification
of this issue requires the integration of molecular biological, biochemical, structural
and immunological data. This review gives an overview of the present knowledge of
these issues with an emphasis on plant food profilins. After the treatment of general
properties of profilins and their role in several cross-reactivity syndromes, the chapter
is concluded by a discussion of experimental data and current hypotheses concerning
the clinical relevance of profilin-specific IgE in food allergy. 
7.2 Biochemical and biophysical properties 
7.2.1 Sequence data 
A search within the sequences in the Swiss-Prot and translated EMBL databases
yielded 67 plant profilin sequences from 31 organisms. Twenty-eight of these
sequences are derived from mRNAs isolated from pollen. Similarities among plant
profilin sequences are quite high with percentages of identical residues ranging from
70 to 85%. Conversely, homologies to profilins from lower eukaryotes, fungi and
animals are much lower: sequence identities range from 25 to 40%. 
Plant profilins have a conserved sequence length of 131 to 134 amino acids, which
results in molecular masses between 14.0 and 14.5 kDa. The only exceptions are
two wheat profilins which are 138 and 140 amino acids in length. The amino acid
composition is biased towards acidic residues leading to theoretical isoelectric points
between 4.6 and 5.4. 
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Despite low sequence similarity between profilins from mammals, plants and lower
eukaryotes, all these proteins share an identical fold. Profilins exhibit a compact globular
structure consisting of a central seven-stranded antiparallel beta sheet enclosed by the
N- and C-terminal alpha helices on one side and one or two helices on the other side.
Structures of three plant profilins have been determined by X-ray crystallography
(Table 7.1): Arabidopsis thaliana pollen profilin [3], birch (Betula verrucosa) pollen
profilin (Bet v 2, [4]) and Hevea brasiliensis latex profilin (Hev b 8, Fedorov et al.,
unpublished results). A comparison of their structures is depicted in Fig. 7.1, a sequence
alignment including secondary structure information is shown in Fig. 7.2.
Plant profilins exhibit some structural features that are different from homologues
from other organism groups. The segment opposite to the N- and C-terminal alpha
helices contains one helix and a long loop instead of two consecutive short helices.
The loop between the N-terminal alpha helix and the first beta strand is 3–6 residues
longer compared to other profilins. This highly solvent exposed loop comprises the
most variable part of the sequence and is part of an IgE epitope in Bet v 2 [4]. 
The Bet v 2 structure contains a feature not shared by the profilins from Arabidopsis
and Hevea as well as mammals and lower eukaryotes. In all other profilin structures
published so far the N- and C-terminal alpha helices, which are in close proximity in
the molecule, are nearly parallel, but the orientation of the N-terminal helix with
respect to the C-terminal helix and the central beta sheet is altered in Bet v 2, leading
to an angle of 110° between the two helices. This shift changes the binding site for
proline-rich peptides formed by these helices (see below). 
7.2.2.1 Oligomerisation. The first report describing the oligomerisation of profilin
was published in 1996 [5]. Immunoblots of purified human profilin showed that profilin-
specific antibodies and G actin bound to a tetramer. The actin-binding capacity of the
tetramer was even higher than of the monomer. Analysis by capillary electrophoresis
showed that oligomerisation was induced by reducing agents or high salt concentra-
tions. In contrast to these results, a later publication claimed that oligomerisation is
induced by oxidising conditions via disulphide bridge formation [6]. The secondary
structures of reduced (monomeric) and oxidised (oligomeric) profilins were similar
but the thermal stability of monomeric profilin was slightly higher than that of the
oligomeric form. Experiments with maize profilin revealed that oligomers formed
under non-reducing conditions bound to allergic patients’ serum IgE even stronger
than monomers [7]. 
Table 7.1 Plant profilins with resolved structures included in the Brookhaven Protein Data Bank
All data were obtained by X-ray crystallography.
PDB 
Acc. No.
Protein References
1A0K Arabidopsis thaliana profilin 1 [3] 
3NUL Arabidopsis thaliana profilin 1 (selenomethionine modification) [3] 
1CQA Betula verrucosa pollen profilin (Bet v 2) [4] 
1G5U Hevea brasiliensis latex profilin (Hev b 8) unpublished
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Profilins fulfil an essential function in all eukaryotic cells, which is illustrated by the
fact that disruption of profilin genes is lethal in most organisms tested so far
(Schizosaccharomyces, Drosophila, mouse, reviewed in [8]). Profilins participate in
the regulation of polymerisation of actin filaments (also called microfilaments) which
are crucial components of the cytoskeleton. The major role of profilin is the rapid
reorganisation of microfilaments during processes such as cytokinesis, cell movement,
cell elongation and pollen tube growth. In this section, we will focus on the original
literature on plant profilins. The much more extensive data on profilins from mammals
and lower eukaryotes have been extensively reviewed during recent years [8–10]. 
7.2.3.1 Profilin ligands. Profilin was originally isolated as one of the proteins bind-
ing to monomeric actin (G actin) and thus shifting the equilibrium towards actin
filament depolymerisation by lowering the free concentration of actin monomers [1].
In contrast, later work showed that profilin promotes the rapid polymerisation of actin
filaments even at low concentrations of free G actin by lowering the critical actin
A
C  D
 B
Fig. 7.1 Structures of plant profilins. A: A. thaliana pollen profilin (PDB accession number 1A0K); 
B: H. brasiliensis latex profilin (1G5U); C: birch pollen profilin (1CQA); D: linear IgE epitopes of 
birch pollen profilin (residues 1–20, 36–47 and 108–133) represented as molecular surface. The loop 
between the N-teminal alpha helix and the first beta strand (residues 13–21) had no defined structure 
in the crystals and is therefore missing. The pictures were generated using the Swiss-PDB Viewer 
(http://us.expasy.org/spdbv/mainpage.htm, [99]).
108 PLANT FOOD ALLERGENSconcentration in the polymerisation equilibrium (reviewed in [11]). Profilin exerts
this function by accelerating the exchange of ADP for ATP on bound actin. The
ATP–actin–profilin complex then binds to the plus end of the actin filament which
promotes the rapid dissociation of profilin. Actin binds to a surface area formed by
parts of the central beta sheet and the C-terminal alpha helix. The residues contribut-
ing to the binding site are only poorly conserved, but the charge distribution on this
surface is quite invariable [3]. 
Profilins bind phosphatidylinositol phosphates (PIPs) at a site overlapping with the
actin-binding site; thus the binding of actin and PIPs is mutually exclusive. Binding of
PIPs links the action of profilin on the microfilament system to extracellular signals.
Phosphatidylinositol 4,5-bisphosphate (PI-4,5-P2), which is generated as second
1                                                   50
Pro1 (Hevea brasiliensis pollen) MSWQTYVDER LMCEIEG... NHLTAAAIIG QDGSVWAQSS NFPQFKSEEI
Pro1 (Zea mays pollen) MSWQTYVDEH LMCEIEG... HHLTSAAIVG HDGATWAQST AFPEFKPEEM
Phl p 12.1 (Phleum pratense pollen) MSWQTYVDEH LMCEIEG... HHLASAAILG HDGTVWAQSA DFPQFKPEEI
Bet v 2 (Betula verrucosa pollen) MSWQTYVDEH LMCDIDGQAS NSL.ASAIVG HDGSVWAQSS SFPQFKPQEI
Pro3 (Arabidopsis thaliana pollen) MSWQTYVDEH LMCDVGDGQG HHLTAAAIVG HDGSVWAQSA NFPQFKGQEF
Pro1 (Lycopersicon esculentum pollen) MSWQTYVDDH LMCDIEG.TG HHLSSAAILG FDGSVWAQSP NFPKFKAEEI
Pro2 (Hevea brasiliensis leaves) MSWQAYVDDH LMCEIEG... NHLSAAAIIG QDGSVWAQSA NFPQFKSEEI
Lyc e 2 (Lycopersicon esculentum fruit) MSWQTYVDEH LLCENEG... NHLTSAAIIG QDGTVWAQSA NFPQFKPEEI
Pro6 (Hevea brasiliensis latex) MSWQTYVDDH LMCDIDG... HRLTAAAIIG HDGSVWAQSS SFPQFKSDEV
Pro4 (Zea mays endosperm) MSWQAYVDEH LMCEIEG... QHLSAAAIVG HDGSVWAQSE SFPELKPEEV
Api g 4 (Apium graveolens tuber) MSWQAYVDDH LMCEVEGNPG QTLTAAAIIG HDGSVWAQSS TFPQIKPEEI
Pro1 (Arabidopsis thaliana veg. tissue) MSWQSYVDDH LMCDVEG... NHLTAAAILG QDGSVWAQSA KFPQLKPQEI
Secondary structure
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Pro1 (Hevea brasiliensis pollen) TAIMSDFDEP GTLAPTGLHL GGTKYMVIQG EAGAVIRGKK GPGGVTVRKT
Pro1 (Zea mays pollen) AAIMKDFDEP GHLAPTGLIL GGTKYMVIQG EPGAVIRGKK GSGGITVKKT
Phl p 12.1 (Phleum pratense pollen) TGIMKDFDEP GHLAPTGMFV AGAKYMVIQG EPGRVIRGKK GAGGITIKKT
Bet v 2 (Betula verrucosa pollen) TGIMKDFEEP GHLAPTGLHL GGIKYMVIQG EAGAVIRGKK GSGGITIKKT
Pro3 (Arabidopsis thaliana pollen) SDIMKDFDEP GHLAPTGLFM AGAKYMVIQG EPGAVIRGKK GAGGITIKKT
Pro1 (Lycopersicon esculentum pollen) TNIMKDFDEP GHLAPTGLFL AGTKYMVIQG EPGAVIRGKK GPGGITIKKT
Pro2 (Hevea brasiliensis leaves) TGIMSDFHEP GTLAPTGLYI GGTKYMVIQG EPGAVIRGKK GPGGVTVKKT
Lyc e 2 (Lycopersicon esculentum fruit) TGIMNDFAVP GTLAPTGLYL GGTKYMVIQG EPEAVIRGKK GPGGITIKKT
Pro6 (Hevea brasiliensis latex) AAVMKDFDEP GSLAPTGLHL GGTKYMVIQG EPGAVIRGKK GSGGITVKKT
Pro4 (Zea mays endosperm) AGIIKDFDEP GTLAPTGLFV GGTKYMVIQG EPGVVIRGKK GTGGITIKKT
Api g 4 (Apium graveolens tuber) AGIMKDFDEP GHLAPTGLYL GGAKYMVIQG EPNAVIRGKK GSGGVTIKKT
Pro1 (Arabidopsis thaliana veg. tissue) DGIKKDFEEP GFLAPTGLFL GGEKYMVIQG EQGAVIRGKK GPGGVTIKKT
Secondary structure
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Pro1 (Hevea brasiliensis pollen) NQALIIGIYD EPMTPGQCNM IVERLGDYLL EQGM
Pro1 (Zea mays pollen) GQSLIIGIYD EPMTPGQCNL VVERLGDYLL EQGM
Phl p 12.1 (Phleum pratense pollen) GQALVVGIYD EPMTPGQCNM VVERLGDYLV EQGM
Bet v 2 (Betula verrucosa pollen) GQALVFGIYE EPVTPGQCNM VVERLGDYLI DQGL
Pro3 (Arabidopsis thaliana pollen) GQSCVFGIYE EPVTPGQCNM VVERLGDYLL EQGL
Pro1 (Lycopersicon esculentum pollen) AQALIFGVYE EPVTPGQCNM VVEKIGDYLV DQGY
Pro2 (Hevea brasiliensis leaves) NQALIIGIYD EPMTPGQCNM IVERLGDYLI DQGY
Lyc e 2 (Lycopersicon esculentum fruit) NQALIIGIYD EPMTPGQCNM IVERLGDYLI EQSL
Pro6 (Hevea brasiliensis latex) GQALIIGIYD EPLTPGQCNM IVERLGDYLL DQGL
Pro4 (Zea mays endosperm) GMSLIIGVYD EPMTPGQCNM VVERLGDYLI EQGF
Api g 4 (Apium graveolens tuber) GQALVFGVYD EPVTPGQCNV IVERLGDYLI DQGL
Pro1 (Arabidopsis thaliana veg. tissue) NQALVFGFYD EPMTGGQCNL VVERLGDYLI ESEL
Secondary structure
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Fig. 7.2 Alignment of plant profilin sequences expressed in different tissues. Conserved residues 
are shaded, dots indicate gaps generated in the alignment. A secondary structure assignment deduced 
from the three experimentally determined plant profilin structures is shown below the sequences 
(h: alpha helix; s: beta sheet). 
PROFILINS 109messenger in receptor tyrosine kinase-mediated signal transduction, is partially
protected from hydrolysis when bound to profilin. In addition, profilin binds to
PI-3,4-P2 and PI-3,4,5-P3 with higher affinity than to PI-4,5-P2. 
The third group of profilin ligands are proline-rich peptides. The affinity for poly-
L-proline (PLP) has been widely used for purification of profilins by affinity chroma-
tography. The biological counterparts of PLP are regulatory proteins containing
proline-rich sequences such as the vasodilator-stimulated phosphoprotein (VASP)
which plays a role in platelet activation, formin-related proteins which participate
in cytokinesis, the establishment of cell polarity and vertebrate limb formation, and
adenylyl cyclase-associated protein (CAP). The PLP-binding site, formed by the
N- and C-terminal alpha helices and parts of the beta sheet, is located opposite the
actin/PLP-binding patch; thus the two sites do not overlap. Several proline-binding
hydrophobic residues are conserved among most profilins. Interestingly, the altered
orientation of the N-terminal alpha-helix in birch pollen profilin [4] does not affect its
PLP-binding capacity though the hydrophobic patch is disrupted. NMR studies with
birch pollen profilin [12] showed that the proline-rich sequence must be at least eight
amino acids in length. Peptides derived from the sequences of VASP and CAP bind
with affinities similar to that of (Pro)8. 
7.2.3.2 The role of profilin in signal transduction. The data on profilin ligands lead
to a model for the link between extracellular signals, profilin and actin filaments
(reviewed in [9]). Profilin bound to PI-4,5-P2 is sequestered at the inner surface of
the plasma membrane. Phospholipase Cγ1, activated by phosphorylation by receptor
tyrosine kinases, cleaves PI-4,5-P2 and thereby releases profilin from the plasma
membrane. Free profilin then promotes rapid local actin polymerisation. Binding of
formin-related proteins links profilin action to the GTPase-related signalling cascade,
whereas binding of proteins from the VASP/Mena family establishes a connection to
the adenylate cyclase pathway. Finally, annexin I, a protein whose activity is regulated
by the intracellular calcium level, can bind to profilin. Calcium also acts on the actin
cytoskeleton by binding to several actin-binding and severing proteins. 
7.2.4 Biological function in the plant cell 
The actin cytoskeleton fulfils several important roles in the plant cell (reviewed in [13]):
Actin filaments are involved in many intracellular transport processes such as
short-range transport of vesicles and organelles, long-range cytoplasmic streaming,
transport of hormones, plastid division and regulation of protein translocation through
plasmodesmata. F-actin is also suspected to play a role in translocation of nascent
proteins through the ER membrane, as actin filaments have been found associated
with polysomes. 
The second function of actin filaments is related to cell morphogenesis and division.
Reorganisation of the actin cytoskeleton is required for cell elongation, by which most
cells in higher plants grow, and tip growth in the specialised cell types, pollen tubes
and root hairs. Mitosis is successfully accomplished independently of actin filaments,
although they are required for the correct location of the spindle. F-actin is part of the
phragmoplast, a structure created during cytokinesis, consisting mainly of microtubules,
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cell wall in the division plane. Actin filaments play a role in vesicle transport, the
stabilisation of the cell plate, and its final fusion with the existing cell wall. 
Finally, changes in cell shape and intracellular transport processes performed by
dynamic actin filaments often occur in response to external stimuli. F-actin was found
to participate in light-induced chloroplast positioning, opening and closing of stomata
in response to light, water stress or CO2 concentration, and gravity sensing in special-
ised cells, the statocyes. Similar dynamic processes play a role in interactions with
pathogens, especially in the course of the hypersensitive response, and wound healing,
where cytoplasmic streaming is locally stopped and exocytotic vesicles are targeted at
the wounding site by actin filaments. 
The role of profilin in many of these processes has been experimentally demon-
strated, as shown by a few examples. An important profilin-dependent event is the
growth of pollen tubes. Immunofluorescence studies showed elevated profilin
concentrations in the growing tips of some pollen tubes of tobacco [14], whereas
microscopic examination of germinating lily pollen showed an even distribution of
profilin throughout the cytoplasm [15] and microinjection of profilin-inhibited pollen
tube growth [16]. The role of profilin in cytokinesis was demonstrated by microinjec-
tion into stamen hair cells. When injected during mitosis, profilin delayed or inhibited
cell plate formation, reduced cell plate stability and altered its morphology [17].
Injection in interphase cells inhibited cytoplasmic streaming. Experiments with trans-
genic Arabidopsis plants which underexpressed or overexpressed profilin showed that
profilin is involved in cell elongation, cell shape maintenance, root hair growth and
determination of flowering time [18]. 
7.2.5 Gene expression and isoforms 
While profilins from animals and lower eukaryotes are encoded by at most three genes,
the number of isoforms is larger in plants. The first data on plant profilin isoforms were
published in 1993 [19] when three isoforms were isolated from a maize pollen cDNA
library. The cloned isoforms proved to be specifically expressed in pollen. The total
number of genes was estimated to be between three and six according to Southern
blots. Moderate stringency northern blots and affinity purification of profilins from
different tissues showed that other isoforms are expressed in all tissues, but the
expression level is considerably higher in pollen. 
A similar situation is found in Arabidopsis, where the number of genes was estimated
to be eight [20]. However, a similarity search in the recently completed Arabidopsis
genome database reveals no profilin sequences in addition to the five ones already
described. Comparison of profilin sequences from several monocot and dicot species
showed that there are two groups of profilin genes in plants: genes encoding pollen-
specific isoforms and isoforms expressed in all tissues. The split between these two
groups seems to have occurred a long time ago since sequence similarities between
the Arabidopsis isoforms of either group and members of the same group from other
species (even monocots) are higher than similarities between the two groups [20].
Conversely, a sequence alignment including several foodstuff-derived profilin
sequences not known at the time of that publication (Fig. 7.3) yields a more complex
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mostly pollen-derived and constitutively expressed isoforms, but all types of monocot
sequences form a third group equally similar to both dicot clades. In addition, the
sequence alignment (Fig. 7.2) reveals no sequence features specific for either group of
profilin sequences. 
Recently, a novel site of expression for a pollen-specific profilin gene from tobacco,
pronp1, was discovered [21]. Experiments with the pronp1 promotor fused to a reporter
gene showed that it was highly active not only in mature and germinating pollen but
also in root hairs, in contrast to other parts of the root. This reflects the similarity of
pollen tube growth and root hair formation with respect to cytoskeleton rearrangement.
In the para rubber tree (Hevea brasiliensis), cDNAs encoding three quite divergent
profilin isoforms were isolated from pollen (Asturias et al., EMBL/GenBAnk/DDBJ
accession number AJ132397), leaves [22] and latex [23], respectively. The latex iso-
form probably evolved in response to the highly specialised needs for cytoskeleton
regulation in the laticiferous cells. 
Profilin gene structures are conserved in plants but differ in yeast (Saccharomyces
cerevisiae) and fission yeast (Schizosaccharomyces pombe) [21]. Plant profilin genes
consist of three exons interrupted by two introns of variable length but with conserved
insertion sites.
Pronp1 (N. tabacum pollen, root hairs)
Pro1 (Lycopersicon esculentum pollen)
Mer a 1 (Mercurialis annua pollen)
Bet v 2 (Betula verrucosa pollen)
Ole e 2.1 (Olea europeana pollen)
Api g 4 (Apium graveolens tuber)
Pro3 (Arabidopsis thaliana pollen)
Cyn d 12 (Cynodon dactylon pollen)
Pro1 (Zea mays pollen)
Phl p 12.1 (Phleum pratense pollen)
Pro4 (Zea mays endosperm)
Pro6 (Hevea brasiliensis latex)
Pru av 4 (Prunus avium fruit)
Pro1 (Hevea brasiliensis pollen)
Pro2 (Hevea brasiliensis leaf)
Lyc e 2 (Lycopersicon esculentum fruit)
Gly m 3.1 (Glycine max seed)
Ara h 5 (Arachis hypogaea seed)
Pro1 (A. thaliana vegetative tissue)
Hel a 2 (Helianthus annua pollen)
Fig. 7.3 Phylogenetic tree generated from the multiple sequence alignment shown in Fig. 7.2 including 
eight additional sequences. The alignment and the tree were generated using the PileUp programme from 
the GCG package (Accelrys Inc., Madison, WI, USA).
112 PLANT FOOD ALLERGENS7.2.6 Thermal and gastrointestinal stability 
There are only few data on the stability of profilins, most of them from work on celery
profilin. Compared to other allergens, profilin is a moderately stable protein, more
resistant than Bet v 1 homologues, but less stable than lipid transfer proteins or cross-
reactive carbohydrate determinants of glycoprotein allergens. 
Thermal stability was examined in detail using celery extracts [24, 25]. Microwave
heating to 100°C for 10 minutes only slightly reduced the IgE-binding capacity of
profilin, whereas after 30 minutes almost no IgE-binding activity was detectable in
immunoblots and enzyme allergosorbent test (EAST). Conventional cooking in water
for 20 minutes did not affect the allergenicity of profilin, and IgE-binding activity
was also detected in the cooking water. In accordance with the data obtained from
celery, roasting of peanuts did not affect IgE binding of profilin in immunoblots,
although the profilin band was split up into a doublet, indicating a certain extent of
degradation [26]. In contrast to the results from denaturing immunoblots, native
ELISA inhibition of IgE binding to recombinant peanut profilin (Ara h 5) revealed a
reduced inhibitory capacity of the roasted peanut extract. This indicated that heating
primarily affects conformational IgE epitopes, whose IgE-binding capacity is not
detected in immunoblots. 
The allergenicity of celery extracts after various food processing treatments was
examined using profilin-specific patients’ sera [25]. Treatment of celery tubers by
gamma-irradiation, drying and powdering, ultra-high pressure treatment, or high volt-
age impulse treatment did not affect the allergenicity of profilin. However, profilin-
specific IgE bound only weakly to extracts of pickled celery treated with vinegar and
citric acid. In contrast to commercial celery powder which contained fully active
profilin, powdering of bell pepper resulted in the loss of allergenic activity of profilin.
While profilin was detected in all eight tested horticultural strains of bell pepper [27],
no IgE binding to profilin was observed in paprika powder [28] and binding of profilin-
specific IgE to bell pepper extract was not inhibited by paprika powder [27]. 
Celery extract was also tested for its gastrointestinal stability [29]. Immunoblots
showed a slight reduction in the IgE-binding capacity of profilin after gastric diges-
tion, while subsequent pancreatic proteolysis significantly reduced IgE binding.
EAST inhibition experiments revealed that the acidic pH of the gastric environment
alone was sufficient to destroy conformational IgE epitopes. Fermentation of pea
flour by lactic acid bacteria or fungi reduced the allergenicity to 10%, but the profilin
contents detected by a rabbit antibody were not affected [30]. 
One reason for the allergenicity of profilins is their solubility in diluted aqueous
solutions. Ten minutes after rehydration of dry birch pollen, extracted profilin was
already detected on IgE immunoblots [31]. 
7.3 The role of profilins in allergic cross-reactivity 
The role of profilin in allergic reactions to plants was discovered in 1991, when the
cDNA encoding birch profilin was isolated from a pollen cDNA library after screening
with birch pollen-allergic patients’ serum IgE [2]. The allergen, termed Bet v 2, was
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hazel, hornbeam and chestnut [32], but also with profilins from grass and weed
pollen [33]. Bet v 2-specific IgE even bound weakly to purified human profilin, which
also triggered histamine release from basophils isolated from pollen-allergic patients by
cross-linking cell-bound profilin-specific IgE [2]. Profilin is now recognised as a minor
allergen in nearly every allergenic pollen source examined, and profilin-specific IgE
is detected in 10–30% of pollen-allergic patients’ sera. 
The well-known correlation between allergy to pollen and plant foods suggested
a role of profilins in this cross-reactivity, what was corroborated by the detection of
IgE-binding profilins in a large number of plant foodstuffs shortly after the cloning of
Bet v 2 [34]. Since then, profilin cDNAs have been cloned from nearly every pollen
allergen source, and the recombinant proteins have been extensively characterised.
Recombinant Bet v 2 is now used in a commercial diagnostic kit for specific IgE
measurement. In contrast, only a few profilin cDNAs from plant foods have been
isolated (see Table 7.2). Additional data on the allergenicity of plant food profilins
have been obtained from studies with purified natural profilins, inhibition studies with
recombinant pollen profilins, or analysis of extracts with profilin-specific antibodies
and patients’ IgE, showing that sensitisation to profilin is found in 10–30% of plant
food-allergic patients’ sera (see Table 7.3). In the following section, data about the
role of profilin in plant food allergy are summarised. 
Table 7.2 Sequence data available from allergenic plant food profilins 
Allergen names are according to the official allergen list from the WHO/IUIS allergen nomenclature 
subcommittee, names in parentheses are not yet included in that list. 
aa: amino acids; nucleotide accession numbers from EMBL/GenBank/DDBJ; protein accession numbers 
from Swiss-Prot and TrEMBL. 
Species Allergen 
name 
aa kDa Nucleotide 
Acc. No. 
Protein 
Acc. No. 
Reference 
Allergens with official designations       
Banana (Musa acuminata) Mus xp 1 131 14.0 AF377948  [74] 
Bell pepper (Capsicum annuum) Cap a 2 131 14.2 AJ417552   
Celery (Apium graveolens) Api g 4 134 14.3 AF129423 Q9XF37 [55] 
Cherry (Prunus avium) Pru av 4 131 14.0 AF129425 Q9XF39 [43] 
Hazelnut (Corylus avellana) Cor a 2 131 14.1 AF327622 Q9AXH5  
   14.0 AF327623 Q9AXH4  
Lychee (Litchi sinensis) Lit c 1 131 14.0 AY049013   
Peanut (Arachis hypogaea) Ara h 5 131 14.1 AF059616 Q9SQI9 [76] 
Pear (Pyrus communis) Pyr c 4 131 14.1 AF129424 Q9XF38 [43] 
Pineapple (Ananas comosus) Ana c 1 131 14.2 AF377949  [74]
Soybean (Glycine max) Gly m 3 131 14.1 AJ223982 O65809 [77] 
    AJ223981 O65810  
Tomato (Lycopersicon esculentum) Lyc e 1 131 14.3 AJ417553   
Allergens without official designations       
Apple (Malus domestica) Mal d 4 131 14.1 AF129426 Q9XF40  
   14.1 AF129427 Q9XF41  
   14.0 AF129428 Q9XF42  
Kidney bean (Phaseolus vulgaris)  131 14.2 X81982 P49231 [97] 
Wheat (Triticum aestivum)  138 15.0 X89825 P49232 [79] 
  135 14.6 X89826 P49233  
  134 14.4 X89827 P49234  
114 PLANT FOOD ALLERGENS7.3.1 Hazelnuts and Rosaceae fruits 
Up to 70% of birch pollen-allergic patients suffer from allergies to hazelnuts, apples,
pears, stone fruits or kiwi [35–37]. In most cases this correlation can be attributed to
cross-reactivity between the major birch pollen allergen, Bet v 1 [38], and its homologues
in these fruits [39], but profilin cross-reactivity plays a role in 10–20% of the patients.
The first report supporting a role of profilins in this syndrome was published in
1992 [40] showing that the frequently observed cross-reactivity between birch pollen,
hazel pollen and hazelnuts is caused in some patients by profilin. Two out of 25 sera
from patients allergic to birch pollen and hazelnuts recognised profilin in IgE
immunoblots. The cDNA sequences of two isoforms of hazelnut profilin were
recently submitted to the EMBL/GenBank/DDBJ databases (see Table 7.2), but no
data on the properties of these proteins were published. 
The fruit most frequently causing allergic reactions is apple (Malus domestica).
While most cases of apple allergy in central and northern Europe can be attributed to
the cross-reaction between Bet v 1 and its apple homologue, Mal d 1 [41], allergic
reactions to apples are commonly caused by profilin in regions where birch trees are
rare, such as the Mediterranean area. While only four out of twenty birch pollen and
fruit-allergic patients in an Austrian study had profilin-specific IgE detected by
immunoblots [39], the majority of grass pollen and fruit-allergic patients from central
Spain recognised profilin in skin prick tests or radioallergosorbent test (RAST) [42].
cDNAs encoding three profilin isoforms were recently cloned from apple fruit RNA
and the allergen provisionally termed Mal d 4 (Scheurer et al., unpublished results,
see Table 7.2).
Although allergy to pear (Pyrus communis) is significantly rarer than apple allergy,
birch and apple profilin-specific IgE from all patients tested also recognised pear
Table 7.3 Prevalence of sensitisation to profilin 
N: number of patients; P: prevalence. 
Allergen source Patient group N P(%) Reference
Carrot (Daucus carota) Carrot allergics with positive DBPCFC 20 20 [57] 
Celery (Apium graveolens) Patients with reported symptoms and 
positive RAST to celery 
23 30 [50] 
Celery (Apium graveolens) Patients with at least one pollen and food 
allergy and EAST > 2 to celery 
60 17 [24] 
Celery (Apium graveolens) Patients with reported adverse reactions 
to celery 
30 23 [98] 
Celery (Apium graveolens) Celery allergics with positive DBPCFC 22 23 [54] 
Cherry (Prunus avium) Birch allergics with cherry allergy 
(positive case history and EAST) 
101 16 [45] 
Peach (Prunus persica) Patients with positive case history, SPT and 
RAST to peach (with and without pollen 
allergy) 
21 57 [44] 
Hazelnut (Corylus avellana) Patients with allergies to birch pollen and 
hazelnuts
25 8 [40] 
Peanut (Arachis hypogaea) Peanut-allergic patients with positive case 
history, SPT and RAST 
40 13 [77] 
Peanut (Arachis hypogaea) Peanut-allergic patients with OAS 50 16 [26] 
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binant protein expressed in E. coli [43]. 
Stone fruits of the subfamily Prunoideae (peach, apricot, cherry, plum) often cause
allergic reactions in birch pollen-allergic patients. In addition to the Bet v 1 homo-
logues, profilins are a major cause of this cross-reactivity. In an Italian study includ-
ing 21 peach-allergic patients, most of them with an additional pollen allergy to birch
and/or grass pollen, between 33% and 57% of the sera recognised the profilins of
peach, cherry and plum in IgE immunoblots [44]. In a group of 101 birch pollen-allergic
patients with concomitant cherry allergy, only 16% were sensitised to profilin [45],
reflecting the lower sensitisation potential of birch pollen profilin compared to grass
pollen profilins. Allergy to stone fruits is sometimes not accompanied by pollen
allergy, especially in regions without birch trees. These patients frequently suffer
from severe symptoms due to sensitisation to the heat-stable cross-reactive allergen,
lipid transfer protein (see Chapter 4). They only rarely show IgE directed to profilin
[45, 46]. 
7.3.2 Vegetables and spices from the family Apiaceae 
Mugwort-allergic patients frequently show allergic reactions to vegetables and spices
from the family Apiaceae such as celery, carrot, parsley, anise, fennel, coriander, cumin
and caraway [47–49]. This correlation, termed the celery–carrot–mugwort–spice
syndrome, also includes allergy to birch pollen. The cross-reactivity can be attributed
to three cross-reactive allergens [50]: the major birch pollen allergen, Bet v 1, and its
celery homologue, Api g 1, a set of high molecular weight allergens most probably
bearing cross-reactive carbohydrate determinants and profilins. 
Celery (Apium graveolens) is the food most frequently eliciting allergic reaction in
Central Europe [51]. Celery profilin (Api g 4) was the first food profilin described as
an allergen [52]. A rabbit antiserum raised against the purified protein cross-reacted
with profilins from birch, ragweed and grass pollen as well as from apple and carrot.
The cross-reactivity with birch and mugwort pollen [50] as well as apple [53] profilins
was also shown by immunoblot inhibition. Several studies revealed that between 20%
and 30% of celery-allergic patients’ sera contain profilin-specific IgE (see Table 7.3),
including a group of patients with celery allergy confirmed by double-blind placebo-
controlled food challenge (DBPCFC [54]). No significant differences were detected
between asymptomatic patients with positive celery RAST and real celery allergics
[50, 54]. The cDNA encoding Api g 4 was cloned, and the recombinant protein
expressed in E. coli bound to patients’ IgE and induced histamine release from
basophils isolated from allergic patients’ blood [55]. 
Celery-allergic patients frequently show allergic symptoms to other members of the
Apiaceae family such as carrot, parsley, anise, fennel, coriander, cumin and caraway [47].
Profilin was detected in extracts from anise, coriander, fennel and cumin by an anti-
celery profilin antibody [56]. Only pollen-allergic patients cross-sensitised to spices,
but not patients monosensitised to spices, showed spice-specific IgE in immunoblots.
Profilin was recognised by 20% of the atopic patients in extracts from anise and
fennel, but not coriander and cumin. Furthermore, IgE directed to carrot profilin was
detected in 20% of sera from patients with carrot allergy confirmed by DBPCFC [57].
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recombinant Api g 4, and extracts from celery, birch and mugwort [56, 57]. 
7.3.3 Solanaceae vegetables 
Birch and mugwort pollen-allergic patients frequently show adverse reactions to
potato (Solanum tuberosum), tomato (Lycopersicon esculentum) and bell pepper
(Capsicum annuum), members of the family Solanaceae. Tomato is also one of the
foods commonly eliciting allergic reaction in patients suffering from allergy to grass
pollen as the only inhalative allergen source [58]. 
Profilin-specific IgE from birch pollen allergic patients with fruit allergy recognised
profilins from potato [39], which is fully cross-reactive to Bet v 2. An anti-celery pro-
filin antibody detected profilin in all eight tested horticultural strains of bell pepper [27].
Five out of eleven pollen-allergic patients with bell pepper allergy had IgE directed to
profilin. Conversely, no profilin was detected in paprika powder [28] and IgE binding
to bell pepper profilin was not inhibited by paprika extract [27]. 
In an immunoblot examination of eight sera from tomato-allergic patients, who all
suffered from grass pollen allergy, five sera recognised profilin [59], which is, besides
cross-reactive carbohydrate determinants, the cause for cross-reactivity between grass
pollen and tomatoes. The cDNAs encoding profilins from tomato and bell pepper,
Lyc e 1 and Cap a 2, were recently cloned [100] (see Table 7.2). The sequence of the
tomato fruit profilin is different from the pollen sequence previously published [60]. 
7.3.4 Hevea brasiliensis latex profilin and the latex–fruit syndrome 
About half of the Hevea brasiliensis latex-allergic patients suffer from allergies to
avocado, banana, kiwi, chestnut, or various other, mainly tropical, fruits [61], a condi-
tion called the latex–fruit syndrome [62]. The cross-reactivity is mainly attributed
to the major latex allergen hevein (Hev b 6.02) and hevein-like domains in class I
chitinases [63, 64], latex beta-1,3-glucanase (Hev b 2) and its homologues in fruits
[65], and homologues of the chitinase/lysozyme hevamine [66]. 
The role of profilin in this syndrome is currently a subject of debate. The presence
of profilin in latex extracts was first described in 1995 [67, 68]. Two out of nineteen
latex-allergic patients recognised profilin on immunoblots of latex extract [68]. Latex
profilin was cross-reactive with ragweed profilin and Bet v 2. Only minimal amounts
of profilin were found in the latex rubber fraction and in latex glove extracts. Fifty-
nine per cent of ragweed-allergic patients without symptoms to latex had a positive
latex CAP (Capsulated Hydrophilic Carrier Polymer Immunoassay). Taking profilin
sensitisation into account, the percentages were 100% for profilin-positive and only
15% for profilin-negative sera. These data led to the conclusion that sensitisation to
latex profilin via pollen or food profilins does not elicit clinical symptoms of latex
allergy. Similar results were found in a Spanish examination of patients with pollen
and food allergy [69]. Many pollen-allergic patients showed a positive latex CAP
without symptoms of latex allergy. Recombinant latex profilin (Hev b 8) cDNAs were
cloned from Hevea brasiliensis leaves [22] and latex [23]. The frequency of profilin
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with children suffering from spina bifida, a high-risk group for latex allergy. Latex
profilin was fully cross-reactive with profilins from birch, mugwort and grass pollen
as well as celery [23]. Interestingly, no latex-monosensitised patient’s serum recog-
nising profilin was found among 84 patients tested. Skin prick tests with recombinant
Hev b 8 resulted in only one weakly positive reaction in 29 patients tested [70]. This is
in contrast with intradermal tests performed by Nieto and coworkers [71], where
nearly all tested patients reacted to natural and recombinant Hev b 8. 
Almost no data are available about the role of profilin in the latex–fruit syndrome.
Several studies suggest a role of profilin in kiwi allergy, a condition related to birch
pollen as well as latex allergy: 26% of kiwi-allergic patients recognised a 14 kDa
allergen, whose IgE-binding capacity could be abolished by preincubation of the sera
with birch pollen extract [72]. A different study determined a frequency of 9% for IgE
recognition of a 13kDa allergen identified as profilin by an anti-profilin antiserum [73].
IgE binding to profilin was also found in banana-allergic patients [68]. Recently,
profilins from banana, lychee and pineapple were cloned [74] (see Table 7.2). In add-
ition, several studies of the cross-reactivity between latex and pollen allergens suggest
the contribution of profilin to this syndrome [69, 75, 76]. 
7.3.5 Legumes 
Patients allergic to grass pollen without another inhalative allergy commonly exhibit
adverse reaction towards tomatoes, peanuts, green peas and wheat [59]. This cross-
reactivity may be caused in part by profilin. The cDNA of peanut (Arachis hypogaea)
profilin, Ara h 5, was isolated from a phage display cDNA library after screening with
patients’ sera [77]. Thirteen per cent of a group of peanut-allergic patients showed
profilin-specific IgE. Peanut-allergic patients sensitised to profilin, but not to the
major peanut allergens, Ara h 1 and Ara h 2, showed only mild symptoms such as the
oral allergy syndrome [26]. The prevalence of profilin sensitisation in a group of
peanut-allergic patients with oral allergy syndrome was 16%. Interestingly, recom-
binant Ara h 5 was only partially cross-reactive to profilins from other allergen
sources (see Section 7.4). 
Two profilin isoforms were cloned from soybean (Glycine max) [78]. Nine out of
13 soybean-allergic patients’ sera recognised the recombinant protein. Soybean profilin
(Gly m 3) completely blocked IgE binding to Bet v 2. 
7.3.6 Other allergenic profilins 
Three profilin isoforms were cloned from a wheat seedling cDNA library [79], but no
data on the allergenicity of the proteins were obtained. Despite the importance of
profilins in grass and cereal pollen allergy, they seem to play no role in food allergy to
cereals. 
Profilin plays a role in some rather rare allergies to seeds. IgE from three pollen-
allergic patients with pumpkin seed allergy recognised a 14 kDa allergen cross-
reactive to Bet v 2 [80]. Likewise, five out of eleven poppy seed-allergic patients
had profilin-specific IgE [81]. Although one third of patients allergic to sunflower
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seeds [82]. 
Finally, IgE reactivity to profilin was detected in sera of patients allergic to various
fruits and vegetables such as lychee [83], zucchini [84] and persimmon [85]. 
7.4 Immunological properties 
7.4.1 Cross-reactivity of profilin-specific IgE 
Most studies confirm the more or less full immunological equivalence of profilins
from different sources, meaning that profilin-sensitised patients’ IgE recognise all
tested profilins with similar affinity, and IgE binding to one profilin is inhibited by
other profilins from botanically unrelated plants. Examples of this are: IgE from profilin-
sensitised patients with birch–fruit syndrome bound to profilins from apple, pear, celery,
carrot and potato. Moreover, IgE binding to these fruits was completely inhibited by
Bet v 2 [39]. IgE binding to profilins from Apiaceae spices and carrot was completely
abolished by Bet v 2 and extracts from mugwort, birch and celery [56, 57]. Likewise,
latex profilin fully inhibited IgE binding to profilins from birch, grass and celery. This
inhibition also worked in the opposite direction [23]. 
On the other hand, there are several reports suggesting the existence of species-
specific IgE epitopes on profilin, even among members of the same botanical family.
Binding of latex-allergic patients’ IgE to purified latex profilin was not inhibited by
Mercurialis annua pollen profilin, a weed belonging, like Hevea brasiliensis, to the
Euphorbiaceae family [86]. A study including 49 birch pollen-allergic patients
sensitised to Bet v 2 showed that only between 39 and 45 sera recognised profilins
from celery, pear or cherry [43]. Inhibition studies with sera recognising all tested food
profilins resulted in only partial inhibition of binding to Bet v 2 by the food profilins.
These results indicated that the order of sensitisation affects the IgE-binding pattern.
Patients are sensitised to Bet v 2 and recognise cross-reactive and Bet v 2-specific,
but not food profilin-specific, epitopes. Similar results were obtained with sera from
peanut-allergic patients. Binding to peanut profilin (Ara h 5) was completely abolished
by Pru av 4, but only partially inhibited by Api g 4 and Pyr c 4, whereas no inhibition
was achieved with Bet v 2 [26]. This probably also reflects sequence differences
between pollen and constitutive isoforms. 
7.4.2 IgE epitopes 
IgE binds to both linear and conformational epitopes on profilin. Linear epitopes of birch
pollen profilin were characterised by screening a library generated from a randomly
fragmented Bet v 2 cDNA [4]. Most IgE-binding fragments were clustered in three
regions: the N-terminal alpha helix and the succeeding long, solvent-exposed loop,
a long loop between the central beta sheet and the helix opposite to the N- and C-terminal
helices, and the C-terminal alpha helix (see Fig. 7.1). These regions comprise all pos-
sible antibody-binding sites since all other loops are too short to harbour a complete
epitope and the alternating side chain conformation in the central beta sheet prohibits
its substitution by a short peptide. 
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deduced from several studies: three long (50–80 amino acids) overlapping fragments
of soybean profilin (Gly m 3) bound only weakly to IgE and only partially inhibited
IgE-binding to intact Gly m 3 [78]. Only 11 out of 14 sera reactive to native purified
olive pollen profilin in ELISA bound to the partially denatured protein on immuno-
blots [87]. The sequence of a peptide mimotope mimicking a cross-reactive IgE
epitope of birch, mugwort and celery profilins revealed no similarity with the linear
sequences of these proteins [88]. However, the mimotope was capable of inhibiting
IgE binding to these profilins by 0–82%, depending on the protein and the serum.
A similar patient-dependent distribution of epitopes was found in the experiments
with soybean profilin cited above [77]. 
7.4.3 T-cell reactivity 
There are only few studies dealing with the T-cell reactivity of profilins. T cells from
grass pollen-allergic patients were stimulated with purified timothy grass profilin
(Phl p 12). The stimulation indices were elevated compared to T cells from non-allergic
control donors. Eight Phl p 12-specific T-cell lines did not cross-react with Parietaria
judaica pollen profilin [89]. An evaluation of the T-cell response of 14 birch pollen-
allergic patients showed that T-cell reactivity to Bet v 2 was low in all patients, com-
pared to birch pollen extract and Bet v 1 [90]. Another study examined late cutaneous
reaction to food challenge in birch pollen-allergic atopic dermatitis patients [91].
A comparison of T-cell responses in patients responding to food challenge with
a deterioration of their eczematous skin lesions with T-cell reactivity of non-responders
showed significantly higher simulation indices for birch pollen extract and Bet v 1,
but not for Bet v 2. 
7.5 The clinical significance of profilin-specific immunoglobulin E 
A major problem of allergy diagnosis, especially when concerning food allergy, is the
reliability of standard tests such as skin tests or, above all, specific IgE measurements.
The problem is exacerbated by highly cross-reactive allergens like profilin, whose
wide cross-reactivity in vitro is not always reflected by comparable clinical manifest-
ations. In the following section, data concerning the clinical relevance of IgE directed
to profilin are summarised. 
Several studies clearly demonstrated a correlation between sensitisation to profilin
and allergic symptoms to multiple pollen sources. In a large study including more
than one thousand patients, 55% of patients with positive skin prick tests to multiple
pollen species had a positive Bet v 2 CAP, but none of the mono-or oligosensitised
patients [92]. Similar results were obtained from a smaller Italian study examining
cross-reactivity between pollens and food. All Bet v 2-positive patients had positive
SPT to birch, grass and olive pollens [93]. Likewise, all Bet v 2 SPT-positive birch
pollen-allergic patients included in a French study displayed a positive SPT and
symptoms to grass or weed pollen [94]. On the other hand, in this study three patients
were found who were monosensitised to profilin and showed a positive birch pollen
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pollinosis instead. 
The situation concerning the association of profilin sensitisation and food allergy is
less clear. A comparison of reported symptoms of food allergy with results of CAP
assays to pollen-related food in 274 pollen-allergic patients showed that food-specific
IgE is found in many of these patients, even without clinical manifestation of food
allergy [95]. The opposite case, positive case history but negative CAP, was only rarely
observed. Conversely, IgE directed to profilin seems to be a slightly more specific
marker for pollen-related food allergy than measurement of specific IgE using whole
extracts. Several studies showed that profilin-sensitised patients have an increased
probability of food allergy, although the risk for Bet v 1-sensitised patients is even
higher [93, 96]. Nevertheless, many profilin-sensitised patients have no food allergy.
In a study including 49 birch pollen-allergic patients sensitised to Bet v 2, allergic
symptoms to cherry, pear and celery were compared with specific IgE to the respect-
ive food profilins [43]. Each foodstuff caused allergic reactions in about half of the
patients. Nearly all food-allergic patients, but also most non-allergic patients, recog-
nised the particular food profilins. The authors concluded that specific IgE to profilin
is a very sensitive, but quite non-specific marker for pollen-related food allergy.
A comparison of birch pollen-allergic patients with and without hazelnut allergy
yielded a different result [40]. All patients, irrespective of a hazelnut allergy, had IgE
directed to Bet v 1 and its hazel pollen homologue, Cor a 1, and most of them also
recognised a similar protein in hazelnut extracts. On the other hand, all profilin-
sensitised patients had a hazelnut allergy. 
Examination of the IgE recognition patterns of peanut-allergic patients showed that
profilin-sensitised patients, most probably sensitised by grass pollen, suffered only
from mild symptoms (oral allergy syndrome) after ingestion of peanuts, whereas
patients with IgE directed to the more stable peanut-specific allergens, such as Ara h 1
and Ara h 2, often displayed severe symptoms including anaphylactic shock [26].
Another example of a correlation between profilin sensitisation and particular symp-
toms was shown for patients with multiple pollen sensitisation. Profilin-sensitised
patients showed a reduced probability of severe asthma compared to patients sensitised
to another pollen pan-allergen, June 2 [92]. 
In order to summarise the results, the following conclusions can be drawn: (i) profilin-
sensitised patients have an increased risk of developing allergy to multiple pollen
species, (ii) profilin sensitisation likewise raises the probability of pollen-related food
allergies though many profilin-sensitised patients never develop such a condition,
and (iii) profilin-mediated allergy is usually confined to mild, local symptoms, like
rhinoconjunctivitis and oral allergy syndrome. 
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8 Bet v 1-Homologous Allergens 
KARIN HOFFMANN-SOMMERGRUBER 
and CHRISTIAN RADAUER
8.1 Introduction 
Birch pollen (Betula verrucosa) is an important source of inhalant allergens in
industrialised countries of the northern hemisphere, causing Type 1 allergic symp-
toms in atopic individuals. In the 1970s, several research teams identified around
ten individual allergenic proteins from aqueous extracts of birch pollen, while
in 1983, the 17 kDa major allergenic protein from birch pollen was purified by
chromatographic and electrophoretic methods, and was given the allergen name
Bet v 1 [1] . 
The complete coding sequence for Bet v 1, representing one of the first cloned
allergens, was determined in 1989. Originally, it was identified by screening a pollen
cDNA library with serum IgE from allergic patients [2]. About 90% of birch pollen-
allergic patients display specific IgE antibodies directed against Bet v 1, of which 70%
are monosensitised to Bet v 1 [3]. 
Comparison of the nucleotide sequence of the cloned allergen to the sequences
from the EMBL databank known at that time revealed a sequence similarity of 70%
to a pea disease-resistance response gene (Pisum sativum) [4]. These proteins are
designated pathogenesis-related (PR) proteins, proteins that are expressed upon
pathogen attack, stress and abiotic stimuli. However, a number of isoforms related
to PR-proteins are also expressed constitutively in certain developmental stages
and/or tissues. The latest classification of PR-proteins by Van Loon, from 1999,
has allocated Bet v 1 homologues to the family PR10 (PR family of unknown
function, also termed as intracellular pathogenesis-related proteins, IPR [5]). The
widespread occurrence and the conservation of these proteins within the plant
kingdom indicate an important role. Most of the genes for PR proteins have been
shown to be induced upon microbial attack [6], fungal elicitors [6, 7], wounding [8]
or stress stimuli [9]. 
Based on clinical observations, it has been known for a long time that birch
pollen-allergic patients tend to display allergic symptoms when eating apples,
pears, nuts, carrots, potatoes, celery and many other plant-derived foods [10–13].
The first data on cross-reactivity based on homologous structures present in birch
pollen as well as in apples (Malus domestica) were published by Ebner and
co-workers [14]. The authors used western and northern blotting techniques to
demonstrate that apples harbour proteins with high homology to Bet v 1. The
presence of Bet v 1-related structures was further investigated in immunoblots
performed with apple, pear, celery, carrot and potato extracts. Allergic patients’
sera and monoclonal Bet v 1 antibodies recognised homologous proteins present in
these fruit and vegetable extracts [15]. 
126 PLANT FOOD ALLERGENS8.2 Physico-chemical properties of Bet v 1 homologues 
Originally, Bet v 1 homologues were described as allergenic proteins from pollen of
birch and related trees such as hazel (Corylus avellana [16]), alder (Alnus glutinosa [17]),
hornbeam (Carpinus betulus [18]) and European chestnut (Castanea sativa [19]).
Since then, a growing number of small intracellular proteins with similar characteris-
tics have been described from a wide range of flowering plants, including dicots
as well as monocots. The presence of these highly conserved sequences in a great
number of even distantly related species may point to a crucial function of this protein
family.
8.2.1 Sequences and genomic organisation 
Bet v 1 homologues contain open reading frames from 465 bp to 480 bp. Bet v 1 genes
consist of either one or two exons interrupted by an intron [20]. Comparison of
a number of genomic sequences of the Bet v 1 family shows that the intron position is
highly conserved among sequences derived from different dicot species (amino acid
position 62 for parsley (Petroselinum crispum, PcPR1), hazel (Corylus avellana,
cagc11) and birch (B. verrucosa, bvgc70), codon 61 for pea (Pisum sativum, PI-49)
and codon 57 for potato (Solanum tuberosum, STH-2). Even the monocot asparagus’
(Asparagus officinale) AoPR1 gene contains an intron at position 63 [20]. 
Various isoforms of Bet v 1 homologues are expressed within one species. Southern
blots performed with B. verrucosa DNA suggested the presence of numerous Bet v 1
genes (I. Swoboda, personal communication). In addition, purified Bet v 1 separated
into several spots on two-dimensional gels [21, 22]. Subsequently, a number of isoforms
of Bet v 1 were identified by RT–PCR, and the expression of several of these isoforms
was verified at the amino acid level by mass spectrometry [23]. These isoforms are
highly homologous with amino acid sequence identities ranging from 84 to 99% [23]. A
different subset of Bet v 1 sequences, designated Bet v 1-Sc1–Bet v 1-Sc3, was
identified from birch callus upon co-cultivation with microbial pathogens [24, 25].
These three clones are highly homologous to, but different from the pollen isoforms.
The genes coding for Bet v 1-Sc1–3 have been isolated from a birch genomic library
and designated Ypr10*a, Ypr10*b and Ypr10*c [26]. These genes have been found to
be clustered in the genome, within 14 kb of DNA. 
Bet v 1-Sc1 and Bet v 1-Sc2 are nearly identical, and could be the allelic variants of
the same gene; whereas, Bet v 1-Sc3 is different from Sc1 and Sc2. Bet v 1-Sc1 and
Bet v 1-Sc3 display 73% sequence identity at the amino acid level. The sequence
identities of Bet v 1-Sc proteins to the various pollen isoforms range 70–74% in the
case of Bet v 1-Sc3, and 83–88% in the case of Bet v 1-Sc1 and Sc2. 
A number of isoforms with high sequence identity to each other have been isolated
from Mal d 1, the Bet v 1 homologue from apple [27]. Furthermore, 20 different
sequences derived from different apple cultivars, with a length of 159 amino acids,
are presently in the sequence databases. Api g 1.0101, encoding a protein of 154
amino acid residues, was the first Bet v 1 homologue identified from celery
(Apium graveolens [28]). A second isoform, Api g 1.0201, which is five amino acid
residues longer at the C-terminus, and shares only 52% sequence identity with Api g
BET V 1-HOMOLOGOUS ALLERGENS 1271.0101 has been isolated from celery by screening a cDNA library with allergic
patients’ sera [29]. Api g 1.0201 is more closely related to PCPR1–2, the PR 10 from
parsley, than to Api g1.0101. 
Phylogenetic analyses performed with 67 Bet v 1-homologous sequences derived
from 22 species and 7 plant families are generally consistent, with those based on
plant morphology and other biochemical markers [30]. 
So far, no members of the PR10 family have been identified from tobacco (Nicotiana
tabacum). Recently, major latex proteins (MLPs), a family with unknown function,
were found in the latex from opium poppy (Papaver somniferum), arabidopsis
(Arabidopsis thaliana), bell pepper (Capsicum annuum), melon (Cucumis melo),
tobacco (Nicotiana tabacum) and strawberry (Fragaria vesca) [31]. In some cases
these proteins have been found to be induced upon wounding. Comparison of the
three-dimensional structure of a Bet v 1 isoform, with the predicted secondary structure
of MLPs, showed striking structural similarity, although the sequence identity is less
than 25%. These data could point to a relationship of these two protein families, as well
as to similar functions of both groups of proteins within the plant. 
8.2.2 Expression patterns of Bet v 1 homologues 
Pathogenesis-related proteins of family 10 are induced upon microbial attack, fungal
elicitors, wounding, or other physical or chemical stress. However, they are also
constitutively expressed in some organs or during certain developmental stages. Such
PR10 proteins have been isolated from various species such asparagus [8], parsley
[6], bean [7], potato [32] and apple [33]. 
8.2.2.1 Constitutive expression of Bet v 1 homologues. Bet v 1 expression is usually
restricted to certain developmental stages and tissues of birch. Bet v 1 proteins are
present in high quantities in mature pollen and male inflorescences, and accumulate in
old leaves. In contrast to these observations, in vitro translation of RNA from all
tissues as well as from birch callus yielded detectable levels of Bet v 1, suggesting that
Bet v 1 can be readily synthesised in tissues other than pollen or old leaves [34], and
that regulation of protein synthesis of Bet v 1 occurs at translational level. A similar
situation was found when the Bet v 1 homologue from apple, Mal d 1, was character-
ised [33]. This protein is constitutively expressed in ripe apples as well as in old
leaves, but is not detectable in apple pollen. 
Abscisic acid (ABA) and ethylene are plant hormones important for developmental
regulation. In pea, the synthesis of PR10 proteins is induced by ABA in late seed devel-
opment [35], whereas a PR10 protein from asparagus is predominately expressed in
developing seeds [36]. The authors suggest that the PR10 protein synthesis correlates
with the synthesis of enzymes of the core phenylpropanoid pathway, which leads
to the synthesis of cell-wall structural molecules, pigments, UV-light protectants,
chemical attractants and antimicrobial phytoalexins. Along the same lines, it was proposed
by Yazaki and co-workers that the LEDI-1 protein from Lithospermum erythrorhizon
might play a role in the induction of the secondary metabolism such as shikonin
production [37]. 
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L1PR101B; 91% similarity) were identified [38]. Both proteins are constitutively
expressed in roots and stem. In addition, L1PR101B is constitutively expressed in leaf
and petiole, while L1PR101A is induced in senescent leaves. 
In the gymnosperm pine (Pinus pinaster) a PR10 protein of 150 amino acid resi-
dues was detected in needles after drought stress [39]. Roots of dandelion (Taraxacum
officinale) contain a PR10 protein, consisting of two major isoforms, that undergoes
seasonal fluctuations in amount, increasing in the late autumn months and declining
in spring [40]. This predominant 18 kDa-root protein has been suggested to represent
either a vegetative storage protein or a low temperature responsive gene product,
involved in the cold protection of the plant, but evidence for these hypotheses is lacking
so far. 
8.2.2.2 Induced expression of Bet v 1 homologues. A subset of Bet v 1 proteins,
Bet v 1-Sc1–3, was identified in birch callus cultures upon co-cultivation with
microbial pathogens [24, 25]. Utriainen and co-workers demonstrated that copper and
ozone induced the expression of Bet v 1-Sc1–3 in roots and leaves of birch seedlings [41].
Mal d 1 mRNA and protein levels were increased in young apple leaves upon
induction with fungal elicitors [33]. Also, treatment with salicylic acid (SA), known
to be a mediator of signal transduction in pathogen defense and stress response,
resulted in upregulation of the Mal d 1 sequences, as did the addition of reduced
glutathione (GSH), a substance known to be involved in oxidative stress and selective
induction of PR-proteins [42]. In contrast, ABA did not show any effect on the Mal d 1
expression level [33]. 
PR10 proteins were identified in roots of Leguminosae, after mite attack [43] and in
the early stage of interactions with microsymbiontic bacteria [44]. Similarly, rapid
accumulation of a PR10 protein, as a resistance response to a non-pathogenic fungus,
was observed in sorghum (Sorghum bicolor [45]). 
8.2.2.3 Promoter structures of Bet v 1 homologues. Taken together, it seems that
the Bet v 1 gene family consists of various, differently regulated members including
genes that are expressed constitutively in pollen and old leaves, and another subset of
genes that is induced upon pathogen attack and by stress factors.
A Mal d 1 promoter (Ypr10*) was isolated, and induction experiments performed
in tobacco plants [33]. The data on promoter activity were in good agreement with the
results gained from the expression studies of Mal d 1 in leaves. Reporter gene
constructs showed induced activity upon treatment with either GSH or SA. However,
a putative SA-inducible consensus motif was absent from the promoter sequence.
ABA and etephon did not influence Ypr10*a activity. Pathogens, like tobacco mosaic
virus, tobacco etch virus, tobacco vein mottling virus and secreted cell wall elicitors
from Botrytis cinerea also induced Mal d 1 promoter activity in transgenic plants. 
More detailed investigations are needed to find out whether several differentially
regulated Ypr10* promoters are present in the apple genome. This will clarify
whether Mal d 1 expression is regulated via different promoters or via a common
promoter induced in response to different signals. 
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constitutive expression under developmental regulation versus promoters induced
upon stress factors.
The second hypothesis would postulate the existence of several converging signal
transduction pathways leading to the activation of a type of Ypr10* promoter. 
8.2.2.4 Biochemical function of Bet v 1 homologues. Up to now, no distinct bio-
chemical function of PR10 proteins has been shown. There is a striking conserved
sequence motif GXGXXG at amino acid residues 47–52 (Fig. 8.1) throughout the
Bet v 1 family (except in STH-2 where it is reduced to GXG). This motif is flanked
by conserved lysine residues – 14 amino acid residues upstream and 17 amino acid
residues downstream (except for Api g 1 and Dau c 1, which lack the downstream
Fig. 8.1 Alignment of amino acid sequences of Bet v 1 homologues compared to Bet v 1a (conserved 
amino acid residues are marked by an asterisk). A conserved motif (P-loop) is marked (shaded region) 
and the flanking lysine residues are marked. Bet v 1a (EMBL database, accession no: X15899); Api g 1 
(accession no: Z48967); Dau c 1.2 (accession no: Z81361); Pyr c 1 (accession no: AF 057030); Mal d 1 
(accession no: AJ417551); Pru av 1 (accession no: U66076). 
              1                                  *                50
  Bet v 1a    MGVFNYETET TSVIPAARLF KAFILDGDNL FPKVAPQAIS SVENIEGNGG
  Api g 1     MGVQTHVLEL TSSVSAEKIF QGFVIDVDTV LPKAAPGAYK SVE.IKGDGG
  Dau c 1.2   MGAQSHSLEI TSSVSAEKIF SGIVLDVDTV IPKAATGAYK SVE.VKGDGG
  Pyr c 1     MGLYTFENEF TSEIPPPRLF KAFVLDADNL IPKIAPQAIK HAEILE
GNGG
GNGG
  Mal d 1     MGVYTFENEF TSEIPPSRLF KAFVLDADNL IPKIAPQAIK QAEILE
GDGG  Pru av 1    MGVFTYESEF TSEIPPPRLF KAFVLDADNL VPKIAPQAIK HSEILE
  Consensus   **------*- **-------* -----*-*-- -**-*--*-- --*---*-**
51  *       100
  Bet v 1a    TIKKISFP EGFPFKYVKD RVDEVDHTNF KYNYSVIEGG PIGDTLEKIS
  Api g 1     
PG
PGTLKIITLP DGGPITTMTL RIDGVNKEAL TFDYSVIDGD ILLGFIESIE
  Dau c 1.2   AGTVRIITLP EGSPITTMTV RTDAVNKEAL SYDSTVIDGD ILLGFIESIE
  Pyr c 1     PGTIKKITFG EGSQYGYVKH RVDSIDEASY SYAYTLIEGD ALTDTIEKIS
  Mal d 1     PGTIKKITFG EGSQYGYVKH RIDSIDEASY SYSYTLIEGD ALTDTIEKIS
  Pru av 1    PGTIKKITFG EGSQYGYVKH KIDSIDKENY SYSYTLIEGD ALGDTLEKIS
  Consensus   -**---*--- -*-------- --*------- ------*-*- ------*-*-
              101                                                150
  Bet v 1a    NEIKIVATPD GGSILKISNK YHTKGDHEVK AEQVKASKEM GETLLRAVES
Api g 1     NHVVLVPTAD GGSICKTTAI FHTKGDAVVP EENIKYANEQ NTALFKALEA
  Dau c 1.2   THMVVVPTAD GGSITKTTAI FHTKGDAVVP EENIKFADAQ NTALFKAIEA
  Pyr c 1     YEAKLVASGS .GSTIKSISH YHTKGDIEIK EEHVKAGKEK AHGLFKLIES
  Mal d 1     YETKLVACGS .GSTIKSISH YHTKGNIEIK EEHVKAGKEK AHGLFKLIES
  Pru av 1    YETKLVASPS GGSIIKSTSH YHTKGNVEIK EEHVKAGKEK ASNLFKLIET
  Consensus   -----*---- -**--*---- -****----- -*--*----- ---*----*-
              151    160
  Bet v 1a    YLLAHSDAYN
  Api g 1     YLIAN.....
  Dau c 1.2   YLIAN.....
  Pyr c 1     YLKDHPDAYN
  Mal d 1     YLKDHPDAYN
  Pru av 1    YLKGHPDAYN
  Consensus   **--------
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frequently found in protein kinases as well as in nucleotide-binding proteins [46]. 
As yet, there are no experimental data corroborating a nucleotide-binding function.
Firstly, there is no overall pattern common for all ATP- or GTP-binding protein P-loops.
Secondly, homology based exclusively on this sequence motif does not necessarily
mean that the candidate protein must have a kinase activity. The crystal structure of
a Bet v 1 isoform [47] showed that the molecule contains a large forked cavity, that
runs through its structure, with three openings on the surface. The P-loop is in close
vicinity to this cavity. Neudecker and co-workers resolved the structure of the Bet v 1-
homologue from cherry, Pru av 1 (Prunus avium, [48] Plate 8.1). Both the secondary
structure elements and the tertiary fold of these two allergens are virtually identical.
Surprisingly, there is a striking structural homology to the START domain of the
human protein MLN64 over 129 amino acid residues, although sequence identity is
only 8.5%. START domains are known to be associated with the transfer of lipids,
especially steroids. In parallel, experiments with Pru av 1 demonstrated that homo-
catasterone (brassinolid) binds to Pru av 1. These results are in good agreement with the
experiments performed with Bet v 1, where the binding of plant steroids in the cavity of
the Bet v 1l structure was also demonstrated (M. Degano, personal communication).
Nevertheless, it is still not known whether one or two steroid molecules bind in this
cavity, and which particular steroids. Furthermore, it is also not known whether this
binding occurs in vivo, and if so, what is the physiological role? 
Ribonuclease activity has been shown for PR10 proteins from ginseng (Panax
panax [49]), and this activity has also been demonstrated for Bet v 1 [50, 51] in
in vitro assays. 
To date, the designation of the PR10 family – proteins with unknown function –
holds true. Since the PR10 protein family is highly conserved throughout dicoty-
ledonous plants and also occurs in monocots, gymnosperms [39] and mosses [52],
a crucial function can be assumed in the plant. 
8.3 Allergological features of Bet v 1 homologues 
8.3.1 Bet v 1-related food allergies of the oral allergy syndrome type 
In northern and central Europe, tree pollen allergy is mainly caused by pollen aller-
gens from birch and related trees of the order Fagales. As a consequence of an allergic
sensitisation to inhalant allergens, tree pollen-allergic patients can develop food
allergies. Cross-reactive IgE is the immunological basis for these food allergies [15],
but the presence of food allergen-specific IgE is not always accompanied by clinical
symptoms [53]. 
More than 50% of birch pollen-allergic patients show allergic symptoms towards
various plant-derived foods. In the majority of cases, the allergen responsible for
this cross-reactivity is Bet v 1. This type of food allergy is usually confined to the
oral allergy syndrome (OAS), with symptoms usually comprising local reactions of
the mucosa of the upper aero-digestive tract with itching, inflammation and
angioedema.
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Based on clinical observations, it has been known for some time that birch pollen-
allergic patients tend to display allergic symptoms when eating apples, pears, nuts
carrots, potatoes, celery and many other plant-derived foods [10–13]. The first data on
cross-reactivity based on homologous structures present in birch pollen as well as in
apples were published by Ebner and co-workers [14]. The authors used western and
northern blotting techniques to demonstrate that apples harbour proteins with high
homology to Bet v 1. The presence of Bet v 1-related structures was further investi-
gated in immunoblots performed with apple, pear, celery, carrot and potato extracts.
Allergic patients’ sera and monoclonal anti-Bet v 1 antibodies recognised the homo-
logous proteins present in these fruit and vegetable extracts [15]. 
In the past few years, a number of cDNA sequences coding for Bet v 1-homologous
food allergens have been isolated, cloned and sequenced. Mal d 1, the Bet v 1-related
apple allergen, was the first food allergen to be cloned, characterised and produced as
a recombinant protein [54]. Other cloned fruit allergen sequences include cDNAs
encoding Pru av 1 from sweet cherry [55], Pru ar 1 from apricot (Prunus armeniaca,
Pühringer EMBL access no: AF020784; Mbeguie-Mbegiue, access no: AF134731)
and Pyr c 1 from pear (Pyrus communis [56]). Recombinant proteins have also been
produced from the Bet v 1 homologues from celery (Api g 1 [28]), and carrot (Daucus
carota Dau c 1 [57]). In addition, Bet v 1-homologous proteins with binding capacity
to anti-Bet v 1-IgE have been described as pcPR1 and pcPR2 from parsley, and as
pSTH2 and pSTH21 from potato [20]. 
Bet v 1-related sequences from apple, cherry, celery and carrot encode proteins of
154–160 amino acid residues (including the initiating methionine), and show
sequence identities ranging 44–88% (Fig. 8.2). 
Sequence identities among the fruit (Rosaceae 87–88%) and vegetable (Apiaceae
82%) allergens are significantly higher than their identities to Bet v 1 (Rosaceae:
Bet v 1 64–66%, Apiaceae: Bet v 1 44% Fig. 8.2), reflecting their phylogenetic
relationships. 
8.3.3 Clinical features of Bet v 1 homologues 
Bet v 1-related proteins are rather heat-sensitive and protease-labile. Incubation of
Mal d 1 and Bet v 1 with digestive enzymes mimicking the gastrointestinal tract led
within seconds to a degraded protein, that did not recognise cross-reactive mono-
clonal anti-Bet v 1 antibodies [58, 59]. Their sensitivity against proteases explains
why Bet v 1 homologues primarily evoke allergenic reactions in the oral mucosa and
do not frequently cause generalised or gastro-intestinal problems. In addition, plant
food that is eaten after thermal processing does not represent a significant source of
allergen for Bet v 1-allergic patients. 
In the birch–apple syndrome, the OAS is predominant, whereas in the birch–
celery–mugwort–spice syndrome, anaphylactic shock has also been reported. In the
latter syndrome, at least three distinct allergenic structures have been identified so far:
profilin, Api g 1 and higher molecular weight allergens in the range of 40–69 kDa
[11, 60]. These higher molecular weight allergens represent very stable food allergens.
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a range of 30–69kDa, whereas the IgE binding to Api g 1 was completely destroyed.
Allergic cross-reactivity based on Bet v 1-homologous proteins seems to be
restricted to areas where birch trees are common. For example, sensitisation to Api g
1 happens frequently in celery-allergic patients living in northern and central Europe,
where birch trees are common. In areas where birch is rare, e.g. southern parts of
Europe, sensitisation to Api g 1 could not be observed in celery–mugwort-allergic
individuals [62]. This is consistent with the hypothesis that inhalant pollen is the
primary sensitising agent in Bet v 1-related allergies. 
However, exceptions have also been reported; Moneo and co-workers described
four Spanish carrot-allergic patients with specific IgE directed to Dau c 1, which
cross-reacts with Api g 1 but without cross-reactivity to Bet v 1 [63]. 
8.3.4 Individual Bet v 1-related food allergens derived from different botanical 
families, their cross reactivities and allergological importance 
8.3.4.1 Rosaceae 
8.3.4.1.1 Apple (Malus domestica). Mal d 1 was the first cloned Bet v 1-related food
allergen [64], followed shortly by other Mal d 1 isoforms [65, 66]. For example, two
studies revealed adverse reaction to apples in 24/51 [67] and 63/83 [14] of birch
pollen-sensitised patients, respectively. Comparative testing of purified recombinant
Bet v 1 and Mal d 1 revealed that IgE binding to Mal d 1 was abolished by preincubation
of allergic patients’ sera with Bet v 1, whereas preincubation with Mal d 1 only
reduced IgE binding to Bet v 1. 
Bet v 1 Api g 1 Dau c 1.2 Pyr c 1 Mal d 1 Pru av 1
100 44 44 64 64 66 Bet v 1
100 82 46 48 50 Api g 1
100 45 45 47 Dau c 1.2
100 88 87 Pyr c 1
100 88 Mal  d 1
100 Pru av 1
Fig. 8.2 Sequence comparison among the Bet v 1-homologous allergens. Sequence identities are given 
on the amino acid level; Bet v 1a (EMBL database, accession no: X15899); Api g 1 (accession no: 
Z48967); Dau c 1.2 (accession no: Z81361); Pyr c 1 (accession no: AF 057030); Mal d 1 (accession 
no: AJ417551); Pru av 1 (accession no: U66076) [88].
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reported by Vieths and co-workers [68]. Recently, a number of Mal d 1 isoforms have
been isolated, cloned and sequenced, and 20 different sequences encoding Mal d 1 are
present in the sequence databases. Son and co-workers investigated 13 different iso-
forms derived from seven different cultivars [27]. Based on sequence similarities,
they identified six clones belonging to the Mal d 1a family (identities of 97.5–94%),
six clones with similarity to the Mal d 1b family (99.4–100%) and another isoform,
Mal d 1c, with minor frequency. The authors concluded that the occurrence of Mal d 1
isoallergens is not cultivar-specific, and that a mixture of isoforms is present in the
apple fruit. As a consequence, the allergenic potency of different cultivars is related to
the total level of expressed Mal d 1 isoforms. 
Comparison of Bet v 1 isoforms shows that a restricted number of amino acid
exchanges at special hot spots can change the IgE-binding activity of the proteins
from very strong to very weak [69]. Based on these findings, Ferreira and co-workers
performed in vitro mutagenesis with Mal d 1 and showed that amino acid positions
10, 30, 57, 112 and 113 are critical for the IgE binding [70]. Son and co-authors
similarly demonstrated that position 111 is a hot spot for IgE binding [27]. Based
on the resolved structure of the homologous cherry and birch allergens, Pru av 1
and Bet v 1, this key residue is the first in a β-sheet and is exposed on the surface
[47, 48]. 
The influence of storage and ripening conditions of apples on the expressed level of
Mal d 1 has not yet been investigated in detail. Preliminary data from Hsieh and
co-workers [71] suggest that the Mal d 1 content increases during prolonged storage
at 4°C. However, the level of the Bet v 1 homologue in apples is not elevated during
the ripening processes induced by ethylene treatment. Hopefully, further detailed
investigations on storage conditions and post-harvest treatments may help to develop
strategies to reduce the allergen load from apples. 
The cross-reactivity between Bet v 1 and Mal d 1 can be demonstrated not only by
IgE antibodies with binding capacity to both allergens, but also at the level of allergen-
specific T helper cells [72]. Allergen-specific T-cell lines and T-cell clones were
established from peripheral blood from birch pollen–apple-allergic patients. Bet v 1-
and Mal d 1-specific T-cell cultures were further epitope mapped using overlapping
peptides. The majority of cross-reactive T-cell clones revealed a TH2-like cytokine
production pattern, and six cross-reactive T-cell epitopes with approximately 50%
amino acid identity were identified. It seems that Bet v 1 homologues possess the
capacity to activate Bet v 1-specific T-lymphocytes and therefore possibly provide
help to maintain IgE production outside the pollen season [73]. Bet v 1-homologous
food allergens may also play a direct role in the sensitisation process by priming
T cells which then react with pollen proteins. 
8.3.4.1.2 Mal d 1-homologous allergens from the Rosaceae family. Mal d 1-related
sequences have been identified from pear (Pyr c 1 [56]), cherry (Pru av 1 [55]) and
apricot (Pühringer, EMBL: accesss no.AF020784, MbeguieA-Mbeguie D. AF134731).
Recombinant proteins have been produced from pear and cherry, and their allergenic
activity was tested in immunoblots, inhibition assays and basophil histamine release
assays [55, 56]. 
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recognition of Bet v 1-homologous proteins from the immune system. Since birch
trees are practically not growing in this climate, the primary sensitising pollen agent is
not present. In these countries, food allergies against stone fruits are caused by different
allergens like the lipid transfer protein (LTP), and are often associated with rather
severe food-allergic symptoms [74, 75]. 
8.3.4.2 Apiaceae 
8.3.4.2.1 Celery (Apium graveolens). Api g 1.0101, a protein of 154 amino acid
residues, was the first Bet v 1 homologue identified from celery [28]. In cross-
inhibition assays, recombinant Bet v 1a is able to block any IgE binding to natural
Api g 1, whereas preincubation of the allergic patients’ sera with recombinant Api g 1
does not inhibit IgE binding to natural Bet v 1. These data are in agreement with other
cross-inhibition assays between Bet v 1-related food allergens and Bet v 1a, showing
that Bet v 1-related proteins share common epitopes and, in addition, Bet v 1a
possesses additional epitopes which cannot be inhibited with Mal d 1, Api g 1 or Dau c 1.
The six hot spots known from Bet v 1a to be critical for IgE binding are also valid for
Api g 1.0101. After exchanging amino acids in positions 10, 30, 57, 112, 113 and 125,
the IgE-binding activity of the mutant was significantly reduced, compared to wild-
type Api g 1.0101 [70]. 
The sequence encoding Api g 1.0101 encompasses an open reading frame of 154
amino acid residues. The sequence resembles those of other PR10 proteins from the
Apiaceae family, and the P-loop is different from those of other Bet v 1 homologues
by a negatively charged Glu45 being substituted by a positively charged lysine.
Recently, another isoform has been isolated from celery by screening a cDNA library
with allergic patients’ sera. Api g 1.0201 is five amino acid residues longer at the
C-terminus and shares only 52% sequence identity with Api g 1.0101 [29]. Its
sequence is clearly more related to that of PCPR1–2, a PR 10 protein from parsley.
Api g 1.0201 also has the lysine substitution at position 45 in the P-loop, that is
present in Api g 1.0101. These sequence differences are also reflected in the antibody-
recognition pattern of Api g 1.0201; Api g 1.0201 does bind to IgE antibodies from
celery-allergic patients’ sera, but with less binding intensity compared to Api g
1.0101. Furthermore, preincubation with rBet v 1a does not inhibit IgE binding to Api
g 1.0201, but natural Bet v 1, consisting of a mixture of isoforms, blocks IgE binding
to Api g 1.0201. Finally, the monoclonal anti-Bet v 1–antibody BIP1, which has very
weak cross-reactivity to Mal d 1 and Api g 1.0101, binds to Api g 1.0201 [29]. How-
ever, the sequence differences responsible for these different binding patterns remain
to be elucidated. 
Purified rApi g 1.0101 was tested in immunoblots and skin prick tests, using
celery-allergic patients from central Europe and southern France [62]. Api g 1.0101
proved to be a valuable tool for diagnosis of birch–celery allergy in the group of
patients from central Europe. However, Api g 1.0101 was not recognised by either
in vitro or in vivo testing in celery-allergic patients living in the southern parts of
Europe. In these areas, celery-allergic patients do not have birch pollen allergy, and
are sensitised against different types of allergens. 
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residues, Dau c 1.1–Dau c 1.3, have been isolated and characterised as Bet v 1 homo-
logues from carrot [57] with 96–99% sequence identity with each other, and 81%
identity to Api g 1. Two of these isoforms, Dau c 1.2 and Dau c 1.3 have been investi-
gated in immunoblots, with a number of allergic patients’ sera, and displayed no
significant differences in their IgE-binding capacity. In cross-inhibition assays,
preincubation with Api g 1.0101 significantly weakened IgE binding to nDau c 1, as
well as rBet v 1a. 
In central Europe, up to 25% of food-allergic subjects have carrot allergy [76].
In a recent study, Ballmer-Weber and co-workers confirmed carrot allergy in 20/26
patients by double-blind placebo-controlled food challenge (DBPCFC [77]). In 85%
of the carrot-allergic patients, Dau c 1-specific IgE antibodies were detected in
immunoblots. All these patients were also sensitised to rBet v 1. However, in a subset
of patients (n = 4), IgE binding to Dau c 1 was inhibited neither by rBet v 1 nor by
birch pollen extract. These data would point to a sensitisation to carrot allergens, inde-
pendent of a primary sensitisation to birch pollen allergens. Similar data have been
reported from Moneo and co-workers. In four carrot-allergic patients, a monosensi-
tisation to an 18 kDa protein in carrot was detected, without concomitant birch pollen
sensitisation [63]. 
8.3.4.2.3 Allergens from spices of the Apiaceae family. The Bet v 1 homologue from
parsley is able to bind IgE from a serum pool of birch pollen-allergic patients.
However, the allergen has neither been purified nor cloned [20]. 
In a group of 15 spice-allergic patients with tree pollen allergy and/or mugwort
allergy, the IgE binding to proteins from anise, fennel, cumin (Carum carvi) and
coriander (Coriandrum sativum) was investigated [78]. IgE binding to a 17 kDa
protein present in anise and fennel was observed in sera from six patients. Two of
them also recognised homologous proteins present in coriander and cumin. Inhibition
assays performed with rBet v 1a abolished IgE binding to these spice-derived pro-
teins, and anti-Bet v 1 antibodies also cross-reacted with them, suggesting that Bet v 1
homologues are present in these spices and contribute to food-allergic reactions in
celery–mugwort–birch-allergic patients. 
8.4 Discussion and outlook: new concepts for specific immunotherapy 
using Bet v 1 as a model 
Bet v 1 represents a good model for studying and evaluating improved diagnostic
tools, and developing new immunotherapeutic strategies. In the following, only a few
interesting examples will be presented. 
So far, in vitro diagnosis of type 1 allergy has been performed with crude allergen
extracts prepared from the allergen sources. Such crude allergen extracts contain, in
addition to the desired allergens, a large variety of proteins, carbohydrates and nucleic
acids, which are not allergenic. Certain allergens are either not well represented or
degraded during the preparation procedure. Therefore, there is a great need for well-
defined, standardised extracts, or purified individual allergens. Purified-recombinant
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would improve diagnosis and could contribute to a patient-tailored immunotherapy.
Bet v 1 has proved, in the past five years, to be a good diagnostic tool not only for
in vitro diagnosis but also for in vivo testing [67, 79]. This has also been shown for
Api g 1 which was used for skin prick tests in birch pollen–celery-allergic patients [62].
The spectrum of the relevant allergens, of an allergen source, has to be carefully
investigated for diagnosis. Furthermore, the isoform with the highest IgE-binding
capacity should be selected. 
Specific immunotherapy of type 1 allergy is based on the systemic application of
increasing doses of the allergens to which the patient is sensitised [80]. 
Currently, immunotherapy is performed with crude allergen extracts which contain
mixtures of allergens and additional non-allergenic material. Purified, well-standardised
recombinant allergens would represent a better choice for patient-tailored immuno-
therapy, where only one or a few allergens are administered [81]. Ferreira and
co-workers approached this by using low IgE-binding isoforms of Bet v 1, which
represent the full repertoire of the possible T-cell epitopes, but reduce the risk of ana-
phylactic side effects during immunotherapy [69, 82]. Vrtala and co-workers selected
Bet v 1 fragments (fragment 1: aa 1–74, fragment 2: aa 75–160) as candidates for new
immunotherapeutic strategies [83]. These two fragments exhibit a random coiled
conformation, and do not bear the conformational IgE epitopes of Bet v 1, but mostly,
dominant T-cell epitopes are present. These fragments showed significantly reduced
ability to evoke a reaction in allergic patients in skin prick tests, when compared to the
complete molecule of Bet v 1 [83, 84]. The authors could also show that by destroying
the IgE epitopes of this molecule, they could induce the production of protective IgG
antibodies in mice and rats upon immunisation with these hypoallergenic fragments
of Bet v 1 [85]. 
Protective IgG antibodies were also induced in BALB/c mice, when mimotopes of
Bet v 1 were injected [86, 87]. These peptides were isolated from a phage display
peptide library, representing artificial conformational IgE epitopes. It can be hypothe-
sised that these antibodies interfere with the IgE–allergen interaction, by inducing an
IgG immune response in mice, and thus prevent further allergic reactions. 
However, detailed investigations are needed in the future for these interesting new
immunotherapies with Bet v 1. In addition, further clinical trials will verify whether
these therapeutical concepts also contribute to amelioration of the related food-allergic
symptoms. 
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9 Plant Seed Globulin Allergens
E.N. CLARE MILLS, JOHN A. JENKINS and GARY A. BANNON 
9.1 Introduction 
The salt-soluble storage proteins of plant seeds, also known as globulins, were
amongst the first proteins to be studied and were described in detail by T.B. Osborne
in his classic work published in 1924. In it he describes the sequential extraction of
proteins from seeds, now known as Osborne fractionation, which combines a series
of different solvents, including water, dilute salt solution and aqueous alcohols [1].
Following the extraction of the albumin fraction with water, the globulin fraction is
extracted with dilute saline (0.5–1.0 M NaCl). However, we now know that this
fractionation does not necessarily give well-defined protein fractions at a molecular
level. Thus in certain plant species, such as soybean, the globulins are soluble in lower
concentrations of salt (~0.2 M), whilst those from seeds such as Brazil nut and sesame
require salt concentrations of around 2 M for solubility. 
Globulins are found in a wide range of monocotyledonous and dicotyledonous
plant species, with homologues also being found in gymnosperms (conifers) and
spores of ferns. In flowering plants, they function primarily as seed storage proteins
and are highly abundant comprising up to 50% of the total seed protein in some plant
species. Early in the twentieth century these proteins were further characterised on the
basis of their sedimentation coefficients (S20w) using the analytical ultracentrifuge,
and were found to comprise a larger, more slowly sedimenting fraction, with coefficients
between 11S and 12S and a smaller fraction, with coefficients between 7S and 8S,
a broad classification which is still widely used today. 
Originally termed legumins because of their widespread occurrence in legume
seeds, the 11/12S storage globulins are multimeric proteins with Mr ~ 300–450 000
(Fig. 9.1(A)). In general, they exist as a salt-dependent equilibrium of trimers and
hexamers comprising Mr ~ 50–60000 subunits held together by non-covalent interactions.
The subunits are the product of a multigene family, one of the first to be characterised
in detail being that of soybean where around five genes have been identified [2]. They
are synthesised as single polypeptides, which are then post-translationally cleaved to
give rise to an acidic (Mr ~ 30–40 000) and a basic (Mr ~ 20 000) polypeptide chain
linked by a single intermolecular disulphide bond. 
The 7/8S globulins also occur in a range of monocotyledonous and dicotyledonous
plant species and are often called vicilins because of their presence in the Viciae
group of legumes (Fig. 9.1(B)). They are typically trimeric proteins of Mr about
150 000–190 000, with subunit Mr ranging from about 40 000–80 000 but typically
about 50 000. Furthermore, proteolytic processing and glycosylation may occur,
resulting in a diverse spectrum of components when separated by SDS-PAGE. Vicilins
contain no disulphide bonds and consequently, the spectrum of components revealed
by SDS-PAGE is similar in the absence or presence of reducing agents. 
142 PLANT FOOD ALLERGENSThe globulins are synthesised on the rough endoplasmic reticulum (ER) before
being transported to a vacuole where they are deposited to form protein bodies. Studies
on legumes have shown that the individual 11S and 7S globulin gene sequences are
co-ordinately expressed during seed development, with mRNA appearing 35 days
after flowering (DAF), reaching a maximum at 70–87 DAF and then decaying to
undetectable levels in the mature seed of soybean [2]. In some plant species, such as
pumpkin, the packing of the globulins in the protein bodies is highly ordered, adopting
a semi-crystalline form. In some cereals, both globulins and prolamin-type storage
proteins are deposited in the seed. In oats the prolamins form inclusions within the
A: 11S Globulin structure
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Fig. 9.1(A) Schematic diagram illustrating the subunit structure and processing of the 11S.
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B: 7S Globulin structure
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Fig. 9.1(B) Schematic diagram illustrating the subunit structure and processing of the 7S seed globulins.
PLANT SEED GLOBULIN ALLERGENS 143globulin protein bodies [3], whilst in rice the globulins are deposited in separate
protein bodies to the prolamins. 
9.2 Globulins – two domain members of the cupin superfamily 
Simple sequence comparisons of the globulins have shown that they share only a
limited degree of homology, of around 35–45%, which belies their high degree of
structural similarity. Three-dimensional structures of one 11S globulin precursor,
proglycinin from soybean [4] and three 7S globulins, canavalin [5, 6] from jack bean,
phaseolin from French bean [7] and the β-subunit of β-conglycinin from soybean [8]
have been determined. These show that both 11S and 7S globulins possess two
structurally equivalent N-terminal and C-terminal domains. Each domain comprises
a β-barrel composed of anti-parallel β-strands followed by a number of α-helices, forming
a so-called jelly-roll structure, illustrated in Plate 9.1(a) by the trimeric 11S globulin
precursor from soybean, proglycinin a(1a)B(1b). Whilst very similar to the three-
dimensional structure of the 7S globulins, the latter contains only a few disordered
regions comprising ~10% in phaseolin, 12% in β-conglycinin and ~18% in canavlain
whilst they represent approximately 20% of the structure in the 11S proglycinin.
These mobile regions are likely to protrude from the trimer–trimer interface in the
intact hexamer, and may form so-called entropic bristles, structures which would be
mobile and negatively charged, being rich in amino acid residues such as glutamate.
Within the jelly-roll structure, around 30 residues are conserved or conservatively
exchanged across the 11S and 7S globulin families [7]. Most of these conserved residues
are involved in inter-monomer packing or lie in inter-strand loops, which are presumed
to be under some form of constraint (Plate 9.1(b)). 
This structural similarity between 11S and 7S globulins was first identified in 1985
[9] and led to the view that they had evolved from a common ancestor [10]. Subse-
quently related proteins were identified based on patterns of highly conserved residues
within the β-barrel structure. These include the sucrose-binding proteins, germin-like
proteins and fungal spherulins [11–13]. This superfamily was subsequently termed
the cupins, based on the Latin name for a small cask or barrel because of their shared
β-barrel structure [14, 15]. Thus, the cupins may contain either one or two copies of
this structure, the latter proteins being termed bicupins. The best characterised
example of a single domain cupin is germin, a protein initially identified as being
synthesised during the early stages of wheat embryo germination but now known to
exhibit enzymatic activity as oxalate oxidase [16]. 
9.3 Post-translational modification 
9.3.1 Glycosylation 
The 11S globulins are rarely glycosylated, but one example is the major Mr 44 000
acidic subunit of the lupin globulin [17]. The presence of a serine residue in a con-
served region towards the N-terminus of the acidic subunit of this protein indicated
144 PLANT FOOD ALLERGENSthe presence of an N-glycosylation consensus sequence (i.e. N–X–S) that is absent
from the acidic polypeptides of other 11S globulins. This single point mutation
results in glycosylation with about 1% (w/w) carbohydrate being attached [18]
which appears to affect subsequent folding, assembly and proteolytic processing.
In contrast, the 7S globulins are frequently glycosylated with between one and two
N-linked glycosylation sites being located in the C-terminal domains of the proteins.
In general the glycosylation of secreted proteins, such as the globulins involves
addition of the oligosaccharide precursor, Glc3Man9GlcNAc2, to asparagine resi-
dues within the consensus glycosylation sites as the polypeptide chain enters the
lumen of the ER. This core glycan is then modified during subsequent transport of the
protein to the vacuole, via the Golgi apparatus with trimming of the glucose being
a key event in the assembly of monomers into trimers [19]. In the case of the 7S
globulin of peanut, conarachin, this results in a heterogeneous mixture of N-glycans
including Man5–6GlcNAc2 and Man3–4XylGlcNAc2 [20]. 7S globulins possessing
more than one glycosylation site can exist in several forms. For example, phaseolin,
the 7S globulin of French bean, has glycosylation sites at Asn 228 and 317. A species
that is singly glycosylated at Asn 228 has been identified, together with a species
doubly glycosylated at both asparagine residues [21]. 
9.3.2 Polyamine conjugation 
It has recently been shown that the 11S globulin of soybean, glycinin, is conjugated to
polyamines such as putrescine, in the seed [22]. It is thought that the polyamines are
covalently attached to the seed globulin through a γ-glutamyl bond and may have a
role in signalling the rapid degradation of the globulins following imbibation of the
seed. 
9.3.3 Proteolysis 
Both 11S and 7S globulins may undergo proteolytic processing within the seed to
yield the mature protein. This occurs in all 11S globulins which, on being deposited in
the protein bodies, are cleaved to yield the Mr 30–40 000 acidic and the Mr 20 000
basic polypeptides characteristic of the mature protein. After initial assembly in the
ER as trimers, this proteolytic event triggers the subsequent assembly into hexamers
(Fig. 9.2). The cleavage site is conserved in 11S globulins across a wide range of plant
species and is characteristically comprised of asparagine and glycine residues lying in
a mobile loop on the surface of the protein [4]. It appears that this cleavage is
performed by a specific asparaginyl endopeptidase, which has an absolute specificity
for Asn on the N-terminal side of the cleavage site, but has little specificity for amino
acids on the C-terminal side and is an absolute requirement for subsequent assembly
of the hexamers [23]. Proteolytic processing in the seed also occurs to a number of 7S
globulins, notably those from pea and lentil to yield a series of polypeptides of
Mr~12–50 000, including the intact protein [24, 25]. Despite such processing, the 7S
globulins are held together by non-covalent forces to retain the intact Mr ~150 000
trimeric globulin. 
PLANT SEED GLOBULIN ALLERGENS 1459.4 Seed globulin allergens 
As a consequence of their presence in many edible plant seeds, the globulins make
a significant contribution to the human diet. This is illustrated in Fig. 9.3, which shows
an SDS-PAGE separation of total protein extracts from a number of legume species,
whilst Table 9.1 lists many of the plant seeds that contain appreciable proportions of
11S and/or 7S globulins. Globulins from soybean are probably amongst the most
widely consumed, with around 0.6 million metric tonnes of soybean protein being
destined for human consumption in the USA alone [26]. Other species, such as peanut,
various other legumes and hazelnut also make significant contributions to the human
diet, in contrast to seeds such as sunflower, sesame and poppy, which tend to be consumed
in much smaller amounts in Europe and North America, as toppings and garnishes.
However, consumption of sesame in particular is more widespread in southern Europe
and the Middle East in foods such as tahini. Globulins from peanut, soybean, walnut,
lentil, almond and cashew nut have been demonstrated to be allergens and the remainder
of this review will focus on these. 
Synthesis of pre-proglycinin polypeptide
Cleavage of signal peptide
Assembly of proglycinin
trimers
Misfolded
monomers 
Transport to storage vacuole
Asn-Gly
Asparaginyl
endopeptidase
Degradation of
misfolded monomer
Cleavage of  proglycinin
 to glycinin
Assembly of mature
hexamers
STORAGE VACUOLE
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Fig. 9.2 Schematic diagram illustrating the synthesis and postranslational processing of the 11S seed globulin.
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148 PLANT FOOD ALLERGENS9.4.1 Allergenic seed globulins 
9.4.1.1 Peanut globulin allergens 
9.4.1.1.1 Peanut varieties. The peanut (Arachis hypogaea L.), also known as
groundnut, is an annual plant belonging to the family Leguminosae (legumes) and is
native to South America. Several peanut varieties are grown in the United States,
including Virginia, Spanish and runners. Various studies over the last several years
have examined the nature and location of the multiple allergens in peanuts [27, 28].
These studies showed the allergenic component of the peanut was in the protein of
the cotyledon and did not differ significantly between the different varieties of
peanuts [29].
9.4.1.1.2 Classification and biochemical characterisation of peanut allergens.
Numerous peanut proteins have been identified as allergens by their ability to bind
IgE from peanut-allergic patients. The first major peanut allergen identified in this
manner was Ara h 1 [30]. The Ara h 1 protein has an Mr of 63 500 on SDS-PAGE gels
and an isoelectric point of 4.55. The gene for this allergen has recently been cloned
and sequenced and found to have significant sequence homology with the plant 7S
globulin proteins [31]. Ara h 1 is known to be glycosylated and has one asparagine
consensus carbohydrate addition site [32, 20]. More than 90% of patients with positive
challenges to peanut have specific IgE to Ara h 1 and based on IgE recognition, it
is considered one of the major allergens of peanut. A third peanut allergen (Ara h 3)
was identified by using soybean-adsorbed serum IgE from peanut-allergic patients [32],
an approach used to identify proteins specific to peanut allergy. As expected, both
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Fig. 9.3 Reducing SDS-PAGE analysis of total protein extracts from a range of legume species. Closed 
circles mark the 11S globulin subunits; stars mark the 7S globulin subunits.
PLANT SEED GLOBULIN ALLERGENS 149Ara h1 and Ara h 2 (the allergenic 2S albumin of peanut, see Chapter 3) were identified
by this process, together with a third protein. The deduced amino acid sequence of this
protein, named Ara h 3, was found to be homologous to the 11S family of seed storage
proteins. The recombinant form of this allergen was expressed in a bacterial system
and was recognised by serum IgE from ~50% of a peanut-allergic patient population
[33]. Four other proteins have been identified as peanut allergens and designated
Ara h 4–7 [34]. With the exception of Ara h 5, they all share significant homology
with either Ara h 1, 2 or 3 [34, 35]. Ara h 5 is a member of the profilin family but is only
recognised by IgE from a small fraction (13%) of the peanut-allergic population [34].
In summary, two of the major peanut allergens identified thus far belong to
the abundant globulin seed storage protein families (7S and 11S) and together with
the other major peanut allergen, which belongs to the 2S albumin storage family,
comprise a large percentage of the total protein found in the peanut seed. 
9.4.1.1.3 Mapping and characterisation of peanut allergen IgE-binding epitopes.
Two categories of IgE-binding epitopes, linear and conformational, are generally
accepted to occur in food allergens. Conformational epitopes occur when the secondary
or tertiary structure of the allergen brings together different segments of the polypeptide
chain to form the IgE-binding site. In contrast, linear epitopes only require the primary
amino acid sequence of the allergen for IgE to bind. While conformational IgE-binding
epitopes are prevalent and important to the aetiology of aeroallergen-mediated allergic
reactions, linear epitopes are important for food allergens mainly because the immune
system will encounter such allergens only after they have been partially denatured and
digested by the human gastrointestinal (GI) tract. Therefore, the linear IgE-binding
epitopes of food allergens have attracted more attention than the less prevalent conform-
ational epitopes. 
Overlapping peptides and serum IgE from patients with documented peanut hyper-
sensitivity were used to identify the linear IgE-binding epitopes on Ara h 1 and Ara h 3.
At least 23 different IgE-binding epitopes have been identified located throughout the
length of the Ara h 1 molecule [36], together with four IgE-binding epitopes on Ara
h 3 [37, 38]. All of the epitopes were 6–15 amino acids in length, but no obvious
sequence motif was shared by all peptides. Four of the Ara h 1 epitopes appeared to be
immunodominant IgE-binding peptides in that they were recognised by serum from
more than 80% of the patients tested and bound more IgE than any of the other Ara
h 1 IgE-binding epitopes. Similarly, one of the Ara h 3 epitopes was also determined
to be immunodominant. 
Mutational analysis of each of the IgE-binding epitopes from the peanut allergens
revealed that single amino acid changes within these peptides had dramatic effects on
IgE-binding characteristics. Surprisingly, substitution of a single amino acid led to the
loss of IgE binding [37–39]. Analysis of the type and position of amino acids within
the IgE-binding epitopes indicated that substitution of hydrophobic residues in the
centre of the epitopes was more likely to lead to a loss of IgE binding than substitutions
at the N- and C-terminal ends [39]. These results represent the first systematic analysis
of the IgE-binding epitopes of food allergens and, as such, will be important to be
taken into consideration when developing strategies for the treatment and prevention
of peanut allergy. 
150 PLANT FOOD ALLERGENS9.4.1.2 Soybean globulin allergens. Soybean proteins are widely used in processed
food products, mainly because of their cost, functional properties, and to more limited
extent their nutritional properties [40]. New processing methods have created a generation
of soybean protein isolates with mild flavours and aromas, as well as improved func-
tionality. Soybean proteins can be incorporated into a variety of food products at levels
high enough to have an effect on the health of soybean-sensitive individuals. This has
driven the food industry and soybean chemists to define the protein components
responsible for soybean allergenicity. Soybeans belong to the legume family of plants
that also includes peanuts. Similar to the case with peanuts, multiple allergens have
also been identified in soybean including glycinin, β-conglycinin and P34 [36, 41–45].
Of the soybean allergens, P34 and G2 glycinin have been the most extensively stud-
ied with regard to their allergenicity. P34 is a cysteine protease and the most commonly
recognised allergen, being recognised by serum IgE from 65% of soybean-allergic
patients [42]. In a manner similar to that used for peanut allergens, linear IgE-binding
epitopes have been identified using synthetic overlapping peptides and sera from
soybean-allergic patients. For the P34 allergen, 16 linear IgE-binding epitopes were
identified, nine of which were mapped to the mature protein [43]. Eleven epitopes
were identified on the G2 glycinin protein, four of which mapped to the basic chain
while seven mapped to the acidic chain [46]. All of the epitopes were 10–15 amino
acids in length, but there was no obvious sequence motif shared by all peptides. Five
of the epitopes on the P34 allergen and four of the epitopes on the G2 glycinin allergen
were identified as immunodominant by their ability to bind IgE from a majority of
soybean-allergic patients tested. The disposition of the epitopes on the proglycinin
structure defined by Adachi and co-workers [4] is shown in Plate 9.2. 
In contrast to the peanut allergens, mutational analysis of each of the IgE-binding
epitopes from the soybean G2 glycinin revealed that single amino acid changes within
these peptides did not always have a dramatic effect on IgE-binding characteristics.
Only one of the IgE-binding epitopes could be rendered non-IgE binding by alanine
substitutions in the peptide [46]. Whether this represents a distinction between the
immune system’s response to soybean and peanut allergens or some other difference
inherent in soybean and peanut allergy has yet to be determined. 
9.4.1.3 Other allergenic globulins. Whilst the globulins of peanut and soybean are
the best characterised globulin food allergens, other members of this family have been
implicated as food allergens. These include the 7S globulin of walnut (Jug r 2) [47],
one of the subunits of the proteolytically processed 7S globulin of lentils [48] and the
7S globulins of sesame [49] and cashew nut [50] together with the 11S globulins of
coconut, walnut [51] and almond (also known as almond major protein, AMP) [52].
9.5 Effect of thermal processing on allergenic globulins 
Whilst soybean and lentil allergens are almost always consumed following cooking,
those from nuts such as walnuts, are often eaten raw, whilst peanuts are often
subjected to roasting, a thermal treatment performed at low levels of hydration, a factor
which may alter the way in which the proteins are denatured and aggregate. The globulin
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form the basis of the widespread utilisation of soybean proteins in foods as it can form
heat-set gel networks [53]. As a consequence of their importance in our diet, most
studies have been devoted to soybean globulins. Thus the 11S globulin of soybean,
glycinin, will form a cryoprecipitate on cooling to 4°C, at concentrations >1%, and will
aggregate on heating, forming heat-set gels at around 2.5–10%, depending on pH and
ionic strength. Both 11S and 7S globulins, in common with other members of the cupin
superfamily, exhibit considerable thermal stability, with 7S globulins having their major
thermal transition at around 70–75°C, whilst 11S globulins unfold at temperatures
above 94°C, as determined by differential scanning calorimetry, the precise values
varying between plant species, protein concentration and ionic strength. For the 11S
globulins, heating for extended periods at 100°C apparently results in almost complete
unfolding, as determined by circular dichroism (CD) spectroscopy, and is accompanied
by dissociation of the acidic and basic polypeptides resulting from cleavage of the
connecting disulphide bond and aggregation [53, 54]. Similar large thermally induced
aggregates form on heating the 7S globulin of soybean, β-conglycinin [55]. 
Of the other allergenic globulins, only Ara h1, the 7S globulin of peanut, has been
studied in any depth [56]. These workers found that, like many other 7S globulins, Ara
h 1 is relatively thermostable, undergoing an irreversible co-operative transition with
a maximum at 87°C, when heated in solution. This is accompanied by unfolding and
aggregation of the protein which forms stable dimers, trimers and larger structures.
However, Ara h 1 purified from residual soluble protein from roasted nuts behaved dif-
ferently. Thus, when heated in situ in the nut, Ara h 1 only became unfolded on heating
to 140 °C for 15 minutes. Such increases in thermostability of proteins are often
encountered in low-water systems, such as whole food matrices [57]. Both the residual
native and denatured insouble protein retained their IgE reactivity, implying that either
the native protein contains many thermostable epitopes or that individuals develop IgE
responses primarily towards short, continuous epitopes found in the cooked material. 
In addition to the effect of thermal processing on the three-dimensional structure
and aggregation state of globulins, the proteins probably undergo covalent modification
as a consequence of chemical reactions that occur in foods on heating. Many of these
reactions are important in developing the flavour and aroma characteristics of foods
and frequently involve glycation and subsequent Maillard rearrangements between
amino groups on the proteins and sugars present in foods. Thus, the allergenic activity
of the peanut 7S globulin allergen, Ara h1, was found to increase following deliberate
Maillard modification in vitro, both in terms of IgE binding and resistance to digestion
in addition to increasing its thermostability. This reflected the dramatic increase in
allergenic activity of peanut extracts from roasted, compared with raw nuts [58].
Indeed it is now apparent that certain methods of cooking peanuts, such as boiling or
frying, are more effective at reducing allergenicity, compared with dry roasting [59].
9.6 Effect of digestion on allergenic globulins 
There is a great deal of indirect information on the digestibility of globulins in
general, and specifically the allergenic globulins from soybean, from studies on the
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seed globulins are less well digested than other protein sources such as cow’s milk,
even when legumes are processed to remove the activity of anti-nutritional factors
such as trypsin inhibitors and lectins. Thus, rat studies employing purified legume
globulins showed that around 40% of the protein remained in the small intestine after
1 hour [60]. A study of globulin digestion in calves fed soya flour has also shown that
immunoreactive globulin fragments appear in the ileum 4–6 hours after feeding [61].
Other studies have shown that the degree of digestion of legume proteins is dependent
on the effect of processing on the globulins themselves [60, 61–63]. It should also be
noted that soybean globulins are partially or fully insoluble between pH 3.5 and 6.5
and therefore only limited solubilisation of globulins would occur when they enter the
stomach. 
Both glycinin and β-conglycinin are susceptible to proteolysis by pepsin [64] and
both the 11S globulins of soybean (glycinin) and pea have been shown to form stable
intermediates of Mr ~ 280 000 (known as glycinin T and legumin T respectively) on
trypsinolysis, similar intermediates also being formed following chymotrypsinolysis.
Despite clipping of the acidic subunits by partial trypsinolysis to form Mr 13 000 and
16000 fragments, the basic subunits remain intact, the resulting intermediates retaining
the quaternary structure characteristic of 11S globulins [65, 66]. Studies using a mono-
clonal antibody that preferentially recognised these proteolytic intermediates indicate
that they may also form during digestion in vivo in experimental animals [67].
Such stable intermediates may also result from trypsinolysis of 7S globulins, such as
β-conglycinin, with two Mr 31 550 and 29 500 peptides having been shown to origin-
ate from the α/α′ subunits and a third Mr 31 500 peptide from the β subunit [68].
Similar sized products were also observed by Shutov et al. [12] and may correspond
to the N- and/or C-terminal domains of the α, α′ subunits. 
One factor that has been neglected is the impact of other food constituents on the
stability properties of allergens. Thus, whilst saponins have been implicated in
increasing gut permeability to allergens [69], it is also clear that these compounds
interact with soybean globulins, greatly increasing their stability to the enzyme
chymotrypsin [70]. Similarly, plant phenolics can form covalent adducts with globulins
[71] although it has not been determined whether these are formed during conventional
food processing procedures. 
9.7 Role of globulin structure and properties in allergenicity 
9.7.1 Structure and stability 
The cupin fold found in the globulin seed storage family of proteins appears to be
a remarkably stable structural motif, a property shared by other members of the cupin
superfamily. Indeed procedures for purification of certain globulins (such as phaseolin
from beans), developed when protein biochemistry was in its infancy, incorporated
a heat treatment to remove unwanted, less stable, proteins [72] whilst the isolation
procedure for oxalate oxidase from wheat bran involves digestion with pepsin and
boiling for 30 minutes [16]. In many protein families, including many of the allergen
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bonds make an important contribution to protein stability. However, there are no
disulphide bonds in the 7S globulins and relatively few in the 11S globulin structure
with, for example, a maximum of three possible in glycinin, one joining the acidic and
basic polypeptides, a second in the N-terminal domain and two cysteine in the large
disordered region which may possibly form a disulphide bridge, although this has yet
to be identified. 
In addition to disulphide bonds, proteins are stabilised by forces such as the hydrophobic
effect, hydrogen bonding and packing (van der Waals) interactions. These interactions
make a large favourable contribution to the free energy of folding, which is offset by
the large unfavourable entropic effect of folding. In addition, the globulins also have
regions, which exhibit a high degree of mobility even in the native structure [4]. The
binding of a monoclonal antibody probe, specific for an epitope within a mobile
region of glycinin, was unaltered even after heat-induced formation of large aggregates,
indicating that at least one mobile region is still present following cooking [54].
Evidence is accumulating that the stability of seed globulins, along with the cupin
superfamily in general, relates to the inherent stability of the β-barrel core. Such
stability probably plays an important role in allowing sufficient immunologically active
fragments to pass down the GI tract. 
9.8 Role of peanut allergen structure in defining IgE-binding epitopes 
One of the important characteristics of food allergens is that they are resistant to
degradation during processing and digestion [73]. In order to discover the underlying
reasons for this, the structure of one of the peanut allergens, Ara h 1, was studied in
relation to its IgE-binding epitopes. Structural analysis was undertaken using a variety
of technologies including CD spectroscopy, resistance to digestion, fluorescence
anisotropy and computer modelling of protein structure. 
Ara h 1 was shown to form a highly stable homotrimer [39] that was stabilised by
hydrophobic interactions. A molecular model of the Ara h 1 trimer was constructed to
view the stabilising hydrophobic residues in the three-dimensional structure. Hydro-
phobic amino acids that contribute to trimer formation are at the distal ends of the
three-dimensional structure where monomer–monomer contacts occur. Coincidentally,
the majority of the IgE-binding epitopes are also located in this region suggesting that
they may be protected from digestion by the monomer–monomer contacts. Various
protease-resistant fragments containing multiple IgE-binding sites were identified
after incubation of Ara h 1 with digestive enzymes, these peptide fragments being
protected from digestion for up to 3 hours [74]. 
9.9 Conclusions 
It is clear that the storage globulins can act as major food allergens by virtue of their
abundance in foods and their high stability. However, whilst characterised as important
allergens in peanut and soybean, their role in the allergenicity of other nuts and seeds
154 PLANT FOOD ALLERGENSwhere they are abundant components is less clear. An example of this is Brazil nut,
where a large proportion of the seed protein is the 11S globulin excelsin, and yet the
major allergen in this plant food species is the 2S albumin (see Chapter 3). The low
solubility and stability of these proteins at low ionic strength (I < 0.05) may have
affected the representation of allergens in the dilute salt solutions routinely used to
prepare protein fractions for diagnosis. Certainly many seed globulins, such as those
from Brazil nuts and sesame seeds, require high salt concentrations to retain their
three-dimensional structures and many globulins will disassemble and even denature
in low salt or water, forming insoluble aggregates [75]. It may be that these proteins
will either be identified as allergens in the future, or that interactions with other pro-
teins may modulate their allergenic properties. 
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10 The Role of Common Properties in Determining 
Plant Food Protein Allergenicity 
E.N. CLARE MILLS, JOHN A. JENKINS and PETER R. SHEWRY 
10.1 Introduction 
The molecular and cellular mechanisms involved in triggering the production of IgE
responses characteristic of type I allergy are not completely understood at present.
However, it is clear that the pathogenesis of allergic disease has two phases. The first
involves sensitisation of a naïve immune system to produce an IgE response towards an
allergen, whilst in the second phase further exposure to the same allergen results in
elicitation of an allergic reaction, together with further sensitisation and modulation of
the immune response. It is also apparent that a number of factors, such as the level
of exposure and the properties of an allergen, together with the genetic predisposition
of individuals to atopy, all play an important role in these phases. As a consequence of
the sequencing of the human genome, we are now beginning to identify some of the
genetic factors involved in allergic disease [1]. Our increased understanding of the
structural attributes and biological activities of allergens, together with route of expos-
ure, also enables us to begin addressing the issues regarding allergy-inducing agents,
the allergens. 
The preceding chapters of this book have given an overview of the structural
characteristics and biological properties of the major plant food protein allergen
families that have been identified to date. From our current state of knowledge it is
evident that some allergens, such as the Bet v 1 family, generally sensitise by inhal-
ation. Partly as a consequence of their abundance in pollen, Bet v 1 family members
are major pollen allergens, which can go on to trigger food allergies because con-
served homologues are also present in widely consumed fruits and vegetables. In
contrast other allergen families, such as the seed storage globulins, appear to sensi-
tise individuals primarily through the gastrointestinal (GI) tract, perhaps because
they are generally found in foods and not inhaled particulates. Other allergens such
as the nsLTPs, the α-amylase/trypsin inhibitor family and the cysteine proteases can
sensitise individuals both by inhalation and orally, via the gut. This is because many
of these proteins are present both in food and in some cases pollen (e.g. nsLTPs), and
others are found in inhaled dusts (e.g. α-amylase/trypsin inhibitor family). Finally,
latex allergens may initially sensitise via contact with tissues (e.g. during surgery
and catheterisation) and then lead to dietary allergies to related proteins in fruits and
vegetables. 
The ability to sensitise by different routes is also a characteristic of allergens of
animal origin, such as the lipocalin superfamily allergens. Lipocalin proteins from
animal danders and urine sensitise via the lungs, whilst the cows’ milk allergen
β-lactoglobulin sensitises via the GI tract [2]. Thus, the route of exposure is clearly an
important factor in determining protein allergenicity in general. But is this the only
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by allergens and can these give us clues as to whether certain proteins are more likely
to trigger an allergic reaction than others? 
A summary of the common properties of the different plant food allergen families
is given in Table 10.1. The following discussion considers how the structures and
properties of plant food allergen families may relate to certain plant proteins becoming
food allergens, either by maximising exposure of the immune system to immunologically
active proteins and/or fragments or by being inherently more effective at triggering
an IgE response in susceptible individuals.
10.2 Allergen exposure via the gastrointestinal tract 
For a food allergen to sensitise via the GI tract it must possess certain structural and
biological attributes which preserve its structure from the destructive effects of that
organ, including resistance to low pH, proteolysis and surfactants such as bile salts.
Whilst there are some exceptions, the vast majority of those allergens thought to
sensitise via the GI tract belong to either the prolamin superfamily (comprising the
prolamin storage proteins of cereals, nsLTPs, 2S albumins and the α-amylase inhibitors)
or the cupin superfamily (comprising the 11S legumin-like and 7S vicilin-like seed
storage globulins). All these allergens generally share two properties which enable
them to survive digestion: abundance and structural stability. This combination of
properties may help ensure that enough of the protein survives in a sufficiently intact
form to be taken up by the gut and sensitise the mucosal immune system. However,
whilst abundance is an important factor, it is probably secondary to protein stability.
Thus ribulose-1, 5-bisphosphate carboxylase/oxygenase (usually abbreviated to rubisco),
accounts for about 30–40% of total leaf protein in most species, but has never been
found to be an allergen, while nsLTPs have been designated as pan-allergens [3] and
yet are generally minor components in edible plant tissues [4]. The properties of abun-
dance and stability are also shared by food allergens of animal origin which sensitise
by ingestion, and include milk allergens such as cows’ milk β-lactoglobulin [5], the
fish allergen parvalbumin [6] and hen egg ovomucoid [7]. These allergens are also
abundant, thermostable and resistant to proteolysis. So how might the biological
activities and the three-dimensional structures of allergens confer stability to unfold-
ing and resistance to proteolysis? 
10.2.1 Protein stability to unfolding 
Several factors are thought to contribute to protein stability including a compact
three-dimensional structure, ligand binding and glycosylation. These are relevant to
both the resistance of proteins to denaturation by food processing, such as cooking,
and stability to extremes of pH such as those experienced in the GI tract. It is evident
that there is no single stability-determining factor for proteins, as nature has used
a breadth of strategies to develop stable proteins, including adaptive mutations [8].
Some of the major factors involved in determining protein stability are described
below. 
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Plant allergen family Common properties 
Prolamin superfamily · Mostly small polypeptides with Mr less than 20 000 which adopt 
a characteristic fold consisting of bundles of four α-helices 
stabilised by disulphide bonds. 
 · α-Helical proteins which contain a high proportion of cysteine 
residues and are highly disulphide bonded. There are almost always 
eight cysteines in the pattern C . . . C . . . CC . . . CXC . . . C . . . C and 
often two additional cysteines making a fifth disulphide. The CC 
pair make disulphide bonds conserved across the superfamily, 
whilst those formed by the disulphides from CXC cysteines have 
various different topologies. 
 · Resistant to proteolysis. 
 · Stable to low pH. 
 · Despite the compact disulphide bonded core, there are often 
a number of flexible loops, which may be important antibody 
recognition sites. 
 · Many are able to bind lipid in a pocket, which can increase 
resistance to proteolysis or denaturation. 
 · Many members are able to bind lipid droplets, adsorbing 
to oil:water interfaces (i.e. act as an emulsifier). 
 · Many are abundant in the plant tissue that is eaten. 
 · Many have a role in plant defence against pathogens. 
Cupin superfamily · Large oligomeric β-barrel proteins of Mr 120–360 000. 
 · Thermostable and able to form thermally induced large 
aggregates.
 · Resistant to proteolysis, forming large stable intermediates. 
 · Stable to low pH. 
 · Able to bind lipid droplets (i.e. act as an emulsifier) especially 
following thermal denaturation. 
 · Abundant in edible seeds. 
Cysteine protease family · Medium sized (Mr 25–30 000) two domain proteins which are made 
as larger Mr 35–45 000 precursors. 
 · Stabilised by three disulphide bonds and resistant to 
proteases. 
 · Most are proteases (except for the soybean allergen Gly m BD30k), 
an activity which may contribute to allergenicity, as has been 
shown for the dust mite allergen, Der p 1. 
 · Several have a function in plant defence against pathogens. 
The Bet v 1 family of 
cross-reactive pollen-fruit/
vegetable allergens 
· Mr~17 000 proteins which are readily soluble in water or isotonic 
salt solutions. 
· Readily broken down by proteases. 
 · Generally thermolabile and frequently possess conformational IgE 
epitopes which are destroyed by heating. 
 · Plant defence proteins of the PR10 family. 
 · Binds lipids, generally steroids. 
The profilin family of 
cross-reactive pollen-fruit/
vegetable allergens 
· Approximately Mr~14 000 proteins which are readily soluble 
in water or isotonic salt solutions. 
· Readily broken down by proteases. 
 · Moderately thermostable, frequently possess conformational IgE 
epitopes which are destroyed by heating. 
 · Function in the plant as actin-binding proteins. 
 · Less conserved than the Bet v 1 family across plant species and thus 
shows lower IgE cross-reactivity between pollen profilin and other 
homologues found in fruits and vegetables.
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is determined by the way in which the polypeptide chain is folded which is in turn
driven by thermodynamic and kinetic considerations. Thermodynamic aspects of protein
folding are encapsulated by the historic studies of Anfinsen [9] which demonstrated
that the three-dimensional structure of a protein is encoded in some way by its amino
acid sequence. This observation is best explained by native folded structures adopting
a global free energy minimum, the depth of this well determining the thermodynamic
stability of a protein. For a range of globular proteins, the free energy difference
between the native and denatured state can be as low as 14 kJ mole−1, with metabolic-
ally important proteins such as protein G and ubiquitin having ∆G values of around
24–35 kJ mole−1 [10]. For more stable proteins, such as camelid (i.e. camel and llama)
single chain antibody fragments ∆G is in the order of 30–60 kJ mole−1 [11]. No single
structural motif is associated with stability, although proteins from thermophilic
organisms (which are able to grow at elevated temperatures) have a greater propensity
to adopt β-structures, implying they are possibly more thermostable structural elements
than α-helices, although in thermophiles the latter are found to have stronger charge
dipoles, which can stabilise such structures [12]. 
10.2.1.2 Disulphide bonds. Protein engineering approaches to improving protein
thermostability indicate that while stability is generally associated with increased
numbers of disulphide bridges, the relationship is complex. Thus, disulphide bonds
can contribute to the stability of both the native and denatured form of a protein, the
overall protein stability arising from a balance between the stabilities of these dif-
ferent states [13]. In general, both intra-and inter-chain disulphide bonds constrain the
three-dimensional scaffold such that perturbation of this structure by heat or chemical
means is limited and frequently reversible. 
10.2.1.3 Size. Comparisons of proteins in thermophilic and mesophilic organisms
have shown that soluble proteins are on average smaller in thermophiles. It has been
suggested that smaller proteins would be more thermostable by virtue of their lower
heat capacity [12] and/or that the shortened loops in the smaller proteins lead to a
smaller difference in entropy between the folded and unfolded states, thus stabilising
the former [14]. 
10.2.1.4 Glycosylation and glycation. It is now evident that N-glycosylation can
have a significant stabilising effect on protein structure [15]. Thus, glycosylation of
Cross-reactive latex-fruit 
allergens with hevein-like 
chitin-binding domains 
· Presence of a chitin-binding domain homologous with that 
of latex hevein or Hev b 6. Hevein is a PR4 protein because of 
its chitinase-like C-terminal domain. However, the cross-reaction 
is to the N-terminal chitin-binding domain, Hev b 6.02. 
 · The chitin-binding domain is short and disulphide rich 
(eight conserved cysteines in 42 residues). 
 · The chitin-binding domain appears sufficiently stable to survive 
vulcanisation at 100–120°C but not production of dry rubber 
(such as tyres) at 140–160°C. 
 · Well conserved across species with >70% identity between rubber 
and several plant food species. 
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ation [16]. Food processing also results in covalent modification of proteins, with the
formation of Maillard adducts amongst many types of modifications which may either
increase or reduce protein stability. In the Maillard reaction, sugars modify the amino
groups on proteins to form Amadori compounds which may then rearrange to produce
a range of adducts, known as advanced glycation/glycosylation end products (AGE).
As well as forming during thermal processing, and particularly during the application
of dry heating procedures such as roasting, AGE are slowly formed over days and
months as a consequence of the ageing process in both foods and biological systems.
Such products have been shown to destabilise the quaternary structure of proteins,
such as reducing the stability at low pH of the triple helix of collagen [17]. 
10.2.1.5 Interactions with lipids. Proteins such as the lipocalins and nsLTPs which
possess a lipid-binding pocket show increased stability when the pocket is occupied.
Thus, the thermostabilty of β-lactoglobulin increases on lipid binding [18] as does
that of the nsLTP of wheat [19]. 
Many plant food allergens are also able to associate with lipid structures and mem-
branes. For example, proteins belonging to the prolamin and cupin superfamilies can
bind to membranes and/or act as emulsifiers by adsorbing to lipid droplet surfaces. Such
activity has been demonstrated for nsLTPs [20], 2S albumins [21, 22] and the 11S and
7S globulins from legumes such as soy [23]. Such associations may either occur naturally
in the food, because of processing (which generally potentiates the emulsifying proper-
ties of proteins) or in the GI tract because of the digestive process. There is also evid-
ence that proteins associated with lipid bilayers have enhanced thermal stability [24]
and it may be that such lipid-associated proteins may be protected from the degradative
environment in the gut. It is also possible that lipid binding may assist allergens in being
taken up by the gut mucosa, either through association with cell membranes as has been
suggested for 2S albumins, or by co-adsorption on the surface of lipid droplets [21]. 
10.2.2 Protein stability and resistance to proteolysis 
A number of allergenic proteins, including those from peanut, soybean and cows’
milk, show remarkable resistance to digestion by pepsin when compared with non-
allergenic proteins. In one study all of the allergenic proteins tested remained either
undigested, or gave stable fragments, which persisted for 8–60 minutes (depending
upon the allergen), while the non-allergens were completely digested after less than
15 seconds [25]. As peptides require a molecular weight of greater than 3000 daltons
in order to stimulate an immune response, large stable fragments, as well as intact
proteins, have the potential to act as sensitisers. One way of viewing the role protein
structure plays in potentiating allergenicity is to consider those factors that make them
poor substrates for proteases, although it may be important to distinguish between
nicking and degradation [26]. Some proteins are able to retain much of their tertiary and
quaternary structure even after digestion by proteases, the seed storage globulins being
a good example of this [27]. Several factors are thought to be involved in susceptibility
to proteolysis and are outlined below. Figure 10.1 contrasts the easily digested Mal d 1
with Zea m 14, which is stable to proteolysis probably because its four disulphides
limit the effect of nicking to very local unfolding without creating new sites.
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philes and mesophiles, as well as engineered proteins, have shown that resistance to
proteolysis and stability to temperature and denaturants are correlated. However, this
correlation between stability and proteolysis is imperfect, as whilst it is also possible
some engineered proteins have been produced which are stable to denaturation but not
resistant to proteolysis [28, 29]. Such proteins are probably resistant to global unfolding,
but can still undergo local unfolding around the proteolytic cleavage sites. The
importance of local unfolding is supported by protein engineering studies which have
succeeded in producing extremely stable enzymes by avoiding it [30]. Whilst the
relationship between protein stability and rigidity is still a matter of debate [31–33], it
is clear that stable proteins have a low unfolding rate [34]. In the industrially
important case of proteases, the situation is simplified and thermal stability correlates
perfectly with stability against autolysis, causing proteases to be significantly different
from other proteins in being more compact and rigid [35]. Thus, it is clear that stable
proteins, as well as frequently being more resistant to proteolysis per se, will also
resist denaturation, either following food processing or in the GI tract environment.
Consequently, they will make poor substrates for proteases compared with those that
unfold and hence have more mobile polypeptide backbones. Factors that are known to
further enhance protein stability, such as ligand binding will also render them even
more resistant to digestion by proteases. 
10.2.2.2 Flexibilty. During limited proteolysis of proteins only a few of the possible
proteolytic cleavage sites (i.e. the most susceptible) are actually cut. A structural
analysis of such sites for the enzymes trypsin [36] and thermolysin [37] has revealed
that they tend to be located in regions with greater atomic mobility, as indicated by the
higher temperature factors determined by X-ray crystallography. Proteolysis is also
favoured in exposed loops rather than in β-sheets or α-helices, and cleavage sites can be
predicted with fair confidence from structures [38]. Aspartyl proteases, such as pepsin,
require a certain degree of flexibility in their substrates to allow a stretch of polypeptide
chain 6–8 residues in length to lie across the active site in an extended conformation. 
Fig. 10.1 A comparison of potential tryptic cleavage sites (i.e. arginine and lysine residues) for Mal d 1, 
the Bet v 1 homologue of apple susceptible to proteolysis, and Zea m 14, an nsLTP allergen from maize 
which is stable to proteolysis. Arginine and lysine residues are shown as dark stick drawings with ribbon 
representations of two allergens. On the left a model of the main apple allergen Mal d 1b, built from the 
coordinates of the closely similar Bet v 1L (1FM4, 65), is shown with the lysines 39, 122 and 128, which 
are not involved in secondary structure, labelled. On the right the maize allergen Zea m 14 (1MZL, 66), is 
shown with arginines 19 and 41, which are not involved in secondary structure, labelled.
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ing the sequences they will cleave. Pepsin preferentially attacks between pairs of large
hydrophobic residues but has significant secondary specificity for more distant residues.
Trypsin and its homologues show strong specificity for residues before the peptide bond
to be cleaved. Thus, trypsin cleaves at the C-terminal side of the basic residues, arginine
and lysine, whilst the less specific proteases, chymotrypsin and elastase, cleave at the
C-terminal side of either phenylalanine (chymotrypsin) or small aliphatic residues
(elastase) [39]. Further down the digestive tract, food proteins also encounter a battery
of exopeptidases, including both amino- and carboxy-peptidases which merely require
access to a free N- or C-terminal residue in a substrate protein. Consequently, suscepti-
bility to proteolysis by exopeptidases is limited by the number and accessibility of the
N- and C-termini. As food proteins are nicked by endopeptidases in the GI tract, more
N- and C-termini are liberated increasing the rates of proteolysis due to exopeptidases. 
10.2.2.4 Steric hindrance. In order for a protein to be broken down by a protease, the
latter must be able to approach and bind to the putative cleavage site. Steric factors can
block this event, and hence reduce rates of proteolysis. For example, glycosylation is
thought to protect proteins from proteolysis through shielding of potential cleavage sites
by the carbohydrate moieties. However, there is also evidence that glycosylation
increases the stability of the native conformation, and this, rather than steric consider-
ations, may be responsible for the resistance to proteolysis shown by some glycopro-
teins [40]. In addition to glycosylation, processing-induced glycation may either protect
or promote protein digestion [17, 41]. As glycation involves modification of basic
lysine and arginine residues, proteolysis by trypsin may be reduced simply through
blocking of protease cleavage sites [41]. However, the effects on proteolysis by
enzymes with other specificities are complex and may be related to both modification of
the protein three-dimensional structure and the cross-linking effects of glycation.
Unfolding may be necessary for a protease to gain access to putative cleavage sites,
especially for those enzymes specific for more hydrophobic residues. Such residues are
generally buried within the interior of a protein molecule, or for amino- and carboxy-
peptidases which require access to either the N- or C-termini of a protein, or the new
termini introduced by nicking of the polypeptide chain by endopeptidases. Thus,
denaturation of food proteins by cooking procedures together with glycation and
Maillard modification may potentiate proteolysis. However, this may be offset by the
steric hindrance effects which result from the formation of thermally induced protein
aggregates, coupled with glycation and Maillard-induced cross-linking of proteins. 
10.3 Allergen exposure via the lungs 
The factors involved in sensitisation and elicitation of allergic reactions via the lungs
are much more straightforward than is the case for exposure via the GI tract, as the
agents that come into contact with the immune system are not modified by food
processing and digestion. Where food allergies result from prior sensitisation via the
lungs, as is thought to be the case for allergies involving Bet v 1 homologues, profilins,
and class I chitinases, the cross-reactive food allergens have similar characteristics to
those of inhalant allergens. These include a ready solubility in dilute salt solutions
PLANT FOOD PROTEIN ALLERGENICITY 165which allow allergen solubilisation from inhaled particulates in the liquid layers lining
the lungs, which may be accompanied by proteolytic activity which assists allergens
to enter the body by permeabilising the lung lining [42]. 
Not all inhalant allergens cause cross-reactive allergy syndromes. Those that do,
share a high degree of conserved surface residues (some times even whole domains)
with homologous proteins present in edible vegetative tissues of unrelated plant
species. Thus, the apple allergen Mal d 1, which is involved in the birch pollen-fruit
allergy syndrome, does not stimulate the formation of anti-Mal d 1 IgE following
ingestion of apple fruit. Instead, because of its high degree of homology with Bet v 1,
Mal d 1 can bind to anti-Bet v 1 IgE associated with mast cells, triggering histamine
release and eliciting an allergic reaction. Like many inhalant allergens, Mal d 1 is thermo-
labile and readily digested by proteases. Whilst it is intrinsically able to stimulate an
IgE response, its lack of stability in food and the GI tract means that Mal d 1 is unable to
sensitise an individual through ingestion. The ability only to elicit an allergic reaction
but not sensitise an individual, has led such food allergens to be considered incomplete
allergens [43]. Their lack of stability also means that reactions cross-reactive allergens
in fruits and vegetables tend to be confined to the oral cavity. Similarly, it has been
suggested that individuals, who suffer from the occupational cereal allergy known as
Bakers’ asthma, can tolerate cereal-containing foods, because the α-amylase and
trypsin inhibitors, which are the major inhalant allergens, are modified by baking [44]. 
10.4 Intrinsic allergenicity and plant food allergens 
Implicit in their ability to stimulate IgE synthesis, is the fact that all allergens must
per se be able to act as good antigens, eliciting a high affinity-sustained antibody
response. Thus, it is well known that proteins and peptides need to have a molecular
weight of around 4–6000 daltons in order to ellicit any form of antibody response,
irrespective of isotype [45]. The area of a molecule recognised by the binding site of
an antibody (also known as a paratope) is termed an epitope. The steric fit between an
epitope and a paratope can vary, the goodness of fit determining antibody affinity
(Ka), which can range between 106 and 1011 L/mol. In general, the affinity of IgE anti-
bodies is also high and recent studies using human allergic sera from ragweed and
dust mite-allergic individuals have shown them to contain between two and three
populations of different IgE affinities of 108–1011 L/mol [46]. In dust mite these
different populations of IgE recognise different epitopes [47] indicating that for this
allergen at least, that affinity maturation of the IgE response is heterogeneous, with
one IgE epitope being immunodominant. 
Epitopes have been classified as being either continuous (also termed sequential or
linear) or discontinuous (also termed conformational) in nature. For the former the anti-
body-binding site comprises a linear stretch of amino acid sequence of 6–14 residues in
length, whilst conformational epitopes comprise regions of the linear sequence of a pro-
tein which are brought together spatially as a consequence of the way a protein is folded
[45]. It is thought that the majority of protein epitopes are conformational in nature,
although continuous epitopes are found in both native and denatured proteins. Detailed
epitope analysis of the pollen allergen Bet v 1 indicates that the major IgE epitopes are
conformational in nature [48] covering a large area of the surface of Bet v 1 and its
166 PLANT FOOD ALLERGENShomologues in fruits and vegetables. It is evident that conformational epitopes are also
important in a wide number of both inhalant and food allergens [48]. 
Overlapping synthetic peptides have been used extensively in epitope mapping
studies on allergens that are thought to sensitise via the GI tract, including those from
peanut, soy and walnut [49–53]. Whilst some data are confusing to interpret (e.g. some
studies having shown IgE binding to pro-sequences which are removed post-translation-
ally and are not found in the mature protein) and only continuous epitopes can be
identified using this methodology, it is clear that IgE epitopes are distributed throughout
the protein, including internal protein structures. These data suggest that sensitisation to
these allergens involves denatured rather than native protein species, as might be
anticipated since they are generally consumed in processed foods. This is in contrast to
the cross-reactive allergens, where sensitisation occurs to the native protein, and thermal
treatment and aggregation generally result in the destruction of IgE epitopes. 
The presence of multiple epitopes on an allergen, coupled with the ability to retain
them following food processing and digestion, is crucial to the ability of food allergens
to trigger cross-linking of membrane-bound IgE on mast cells. This in turn results in
the release of inflammatory mediators (such as histamine), which cause the symptoms
manifested in an allergic episode. Thus, an allergen must be at least 20–25 amino acid
residues in length in order to accommodate a minimum of two antibody-binding sites
and hence be functional in cross-linking mast cell IgE. The importance of epitope
density and orientation is illustrated by the fact that trimeric forms of the pollen aller-
gen Bet v 1 are more effective at releasing histamine than the monomeric form [54].
Factors that alter the distribution of IgE epitopes on an allergen when it finally
encounters the immune system, such as processing-induced aggregation, will clearly
affect allergenic potency although this has yet to be demonstrated for any food allergens.
Chemical substituents on proteins such as the N-linked oligosaccharides, Man5–6
GlcNAc2 and Man3–4XylGlcNAc2, present on the major peanut allergen Ara h 1 also
have the potential to act as thermostable epitopes [55]. However, because of their
sparsity on the surface of a protein, such epitopes may not be able to cross-link IgE
and hence trigger histamine release. Consequently, the role such carbohydrate
epitopes may play in allergic disease is unclear [56]. 
Despite much study, we have little information regarding the role that allergen
structure might play in triggering the production of specific IgE, rather than IgG.
There is little evidence that particular protein sequences or structures promote the
development of an IgE response although food allergens appear to be good antigens
(i.e. able to stimulate an antibody response). However, some evidence from animal
studies, based on a limited number of allergens tested so far, indicates that allergens
are intrinsically able to preferentially elicit an IgE response [57, 58]. It may be that
allergens are also preferentially taken up by the immune systems, through the ability
of certain allergens to interact with cell membranes, or through the presence of AGE,
which may activate the immune system through AGE receptors.
10.5 Flexible and mobile protein structures 
Much of our view on protein structure and its role in determining the function and
properties of a protein, has been based on the proliferation of 3D structures now
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the information and discussion presented in this book, which has focused around
plant food allergens for which well-defined structures have been obtained. But
what about proteins with highly mobile structures which are not amenable to such
structural studies? It is becoming increasingly evident that flexibility is an important
part of the correct functioning of some proteins [59]. Are any of them allergens?
What does structural stability mean for a protein, which is inherently flexible?
Such flexible proteins should be inherently good substrates for endoproteases,
making them readily broken down during digestion, posing a challenge to the premise
that stability is an important factor in predisposing a protein to becoming an
allergen. 
Of the food allergens that have been identified to date, only the seed storage
prolamins of cereals and the caseins of milk appear to fall into this classification of
flexible proteins. The central repetitive domain of seed storage prolamins is highly
mobile existing as an ensemble of conformations in a dynamic equilibrium of what
approximates to a mixture of poly-proline II and β-turn type structures. These structures
have been found to be highly immunogenic [60] possibly because β-turn structures
make very effective epitopes [61]. This coupled with the high proportion of proline
and the renowned insolubility of these proteins in physiological solutions may account
for their ability to act as allergens. However, the reasons underlying the ability of casein,
one of the most digestible food proteins known [62], are more difficult to account for.
Many studies investigating the breakdown and allergenic activity of casein have not
addressed the fact that in many dairy products consumed by man, caseins are presented
in a complex micellar form, which aggregates into extensive networks in foods such
as yoghurts. There is also evidence that complexation with calcium forms more stable
domains, although their structure is still a matter of debate [63]. Only when we have a
more complete understanding of the role that food structure, rather than purified
individual proteins, has on the breakdown of allergenic proteins and their subsequent
presentation to the immune system we will be able to begin to arrive at a more
complete explanation as to how the structural properties of proteins may influence
their allergenic properties. 
10.6 Conclusions 
At present it appears that the structural features and properties of globular proteins
probably do play a role in predisposing them to becoming allergens, at least because
such properties ultimately determine the exposure of the immune system to immuno-
logically active protein or derived fragments. These features relate to the abundance
of an allergen in a food, its overall thermal and proteolytic stability and the ability to
effectively elicit an antibody response. It has previously been noted that a remarkably
large number of plant food allergens are also involved in plant protection, including
the so-called pathogenesis-related (PR) proteins [64]. It is possible that PR proteins
are particularly allergenic as they also require high stability to survive digestion by
proteases secreted by the fungi at the site of infection. 
Analysis of the common properties of plant food allergens indicates that, in the
same way that only a limited number of foods are responsible for the majority of food
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families. These protein families clearly have common properties, of which their high
degree of stability is particularly notable. This may potentiate their ability to act as
allergens, both with regard to sensitisation and elicitation of allergic reactions.
However, it is clear that these properties are not the sole determinant of allergenic
potential, and it remains to be determined why one type of protein is allergenic in
some foods but not others. For example, in Brazil nut, the major allergen is a 2S
albumin, the 11S globulin not having been reported as an allergen, while both 7S and
11S globulins are allergens in peanut and soybean. In other widely consumed legumes
such as peas and beans neither class of seed storage proteins has been identified as an
allergen. It is possible that additional factors present in some foods promote aller-
genicity, perhaps by exerting an adjuvant-like effect on the immune system. The
identification and characterisation of such factors is crucial for our ability to predict
the allergenicity of foods. In the meantime, our increasing understanding of the role
that protein structure and properties play in predisposing certain types of proteins to
becoming allergens brings this possibility much closer. 
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11 Assessing the Allergenicity of Novel and GM Foods 
RENÉ CREVEL and CHARLOTTE MADSEN
11.1 Introduction 
Assessment of the allergenicity of proteins is a relatively new development in the
toxicological assessment of foods and food ingredients. While food allergy has
aroused the interest of researchers for many years [1, 2], the focus of the work has
been largely on milk and early infant foods [3, 4]. The introduction of novel foods
from sources not usually consumed in the country where they are to be marketed (e.g. kiwi
fruit in Europe), but more particularly genetically modified (GM) foods, provoked
a realisation that allergenicity was a potential hazard that had to be guarded against.
Several factors contributed to this realisation. One was the widely reported increase in
atopic disease within the industrialised world [5], and a postulated increase in the
prevalence and incidence of food allergy. Another was the observation by Nordlee
et al. [6] that a methionine-rich protein from Brazil nut (Bertholletia excelsior),
introduced into soy, could bind IgE from Brazil nut-allergic individuals. The authors
concluded that if that modified soy were commercialised for animal feed, there was
a possibility that it would also enter the human food chain and provoke allergic reac-
tions in Brazil nut-allergic individuals. This incident also highlighted the inadequacy
of existing animal models as predictors of protein allergenicity, since the modified
soy had been tested in rats and found not to differ from control soy [7]. The realisation
that no single predictive test could identify the allergenic potential of an unknown
protein led to the formulation of schemes to assess potential allergenicity. The first of
these was the IFBC/ILSI decision tree for the assessment of the allergenicity of foods
produced by genetic modification [8]. This scheme included assessment of the resistance
to simulated gastric digestion [9], as well as amino acid sequence comparison with
known allergens, serological tests and human studies. This scheme was subsequently
adopted by World Health Organization (WHO) and the Food and Agriculture Organ-
ization of the United Nations (FAO), and then extensively modified and updated in
2001 [10]. Each of these decision trees identifies features of allergens which must be
considered and tests which should be performed to give assurance that a novel protein
is not likely to sensitise, or elicit reactions. These schemes thus use a weight of evidence
approach to assess the likelihood that a novel protein will prove allergenic. Another
important date in the history of allergenicity assessment was the formal requirement
for such an assessment, enshrined in the European Union’s Novel Foods Regulation
(97/258EC), promulgated in 1997. 
This chapter starts by discussing the issues underlying the need to assess protein
allergenicity. It then considers the aims of such an assessment and, in particular,
whether an operational distinction can be made between assessment of the risk of
sensitisation and assessment of the risk of eliciting a reaction in persons who are
172 PLANT FOOD ALLERGENSalready sensitised. The chapter then reviews the strategies proposed and the methodology
available to generate the data on which to make a judgement of potential allergenicity,
and current limitations in producing a valid prediction. The chapter concludes with
a brief consideration of the methodology which can be used, once the product is on
the market, to ascertain whether the judgement is correct. 
11.2 Food allergy: the issues 
11.2.1 What’s special about allergenicity? 
Allergenicity and allergy mean different things to different people, both among the lay
public, and among the scientific and medical professions. For the purposes of this chapter,
allergy is the clinical reaction resulting from the induction of an IgE-mediated immune
response to a (food) protein. It thus excludes phenomena such as allergic contact dermati-
tis provoked by low molecular weight chemicals, and other food-dependent pathologies
with immune aetiologies, such as coeliac disease, which involve different immunological
mechanisms. Allergenicity is defined as the potential of a (food) protein to induce an
IgE-mediated sensitisation, which could subsequently provoke a clinical response. 
11.2.1.1 Structure–activity relationships. Current knowledge about the relationship
between protein structure and allergenicity is not adequate for prediction of protein
allergenicity. Aalberse [11] recently reviewed the structural biology of allergens,
based on 40 allergenic proteins. He found that they could be grouped into four families
based on the secondary structure components (β-sheets, α-helices) they contained, but
concluded that allergens possessed no structural features that could distinguish them
from non-allergenic proteins. It is possible, however, to use certain characteristics of
proteins (e.g. function) to help form a judgement on the probability of it being allergenic,
as discussed elsewhere in this book. 
11.2.1.2 Biology of IgE responses. Food proteins gain rapid access to both the
mucosal and the systemic immune systems, but the normal response to such proteins
is oral tolerance, which arises after initial sensitisation [12]. While IgE responses are
extremely tightly controlled, the biology of such responses offers a challenge to risk
assessment in food allergy. It is now generally accepted that repeated low doses of
allergen are very effective in producing an IgE-mediated response, while high doses
result in tolerance [12], although the precise kinetics of the dose–response relationship
remains to be established. It is still not completely clear whether the mechanisms
involve active suppression of IgE production, as suggested by the results of Arps etal. [13],
or a biasing of the response towards a Th2 phenotype, as indicated by Rogers and
Croft [14]. Irrespective of the mechanisms involved, another issue is what constitutes
a low or high dose in the context of the consumption of a food and subsequent recognition
of proteins by the mucosal immune system. 
11.2.1.3 Lowest eliciting doses (thresholds of reactivity). The biology of IgE responses
impacts principally on how IgE-mediated sensitisation can be avoided, but for existing
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provoking a reaction in susceptible (sensitised) individuals. Only limited data have
been published on thresholds [15], and often they do not lend themselves readily to
risk assessment as results have been established using different protocols. Currently,
modelling of population responses, which is required to determine safe levels of allergen,
is inadequate. What the existing data do indicate is that the amounts can be very small
and vary considerably from one allergic person to the next [16,17]. 
11.2.1.4 Epidemiology of food allergy. Food allergy is classed as an atopic disease,
on the basis that it involves IgE-mediated responses and that individuals who are
atopic are more predisposed to develop food allergies than non-atopics. Indeed it has
been proposed that sensitisation to foods in early childhood is an early indicator of the
likely subsequent development of inhalant allergies (the allergic march) [18]. Atopic
diseases have increased considerably in prevalence and incidence over the last 20 to
30 years at least, and the obvious concern is whether food allergy has followed the
same trend or will do so in the future. Historical data on prevalence do not span a
sufficient time yet, to be able to draw any conclusions, but the burden of food allergy
at approximately 1–2% of the overall population and possibly 5–8% of children in the
industrialised world is already significant [reviewed in 19]. Moreover, the public
perception of the prevalence of food allergy is even higher, at approximately
20% [20], with a resulting pressure on those responsible for public health to act to
reduce it. 
11.2.2 Why is allergenicity a special concern? 
Allergenicity has been singled out as a toxicological endpoint which must be specific-
ally addressed in the EU Novel Foods Regulation (258/97/EC) [21]. Other regulatory
bodies have similarly marked allergenicity for special consideration (FAO/WHO,
Codex Alimentarius Commission), both in assuring the safety of conventional foods
and for approval of novel foods, particularly those of GM origin. Several reasons for
this situation exist: 
• Proteins are the main constituents of foods responsible for allergic reactions. It there-
fore follows that a novel protein introduced into the food supply may prove to be an
allergen. The need for an assessment of this risk is sharpened by inadequate knowledge
at the molecular level of the relationship between protein structure and allergenicity, as
well as the absence of adequate predictive tests. The consequence is that all proteins
for which there is no history of exposure, whether present in GM crops or in novel
foods, must be considered potentially allergenic for purposes of safety assessment. 
• Food allergy is perceived as an important public health issue, particularly given the
rising prevalence of allergic disease. The impact of food allergy on the quality of
life of sufferers is also a significant factor. 
• Allergic reactions to food can be severe or life-threatening in a small number of
cases, and there is a public expectation that regulatory measures will exist to
minimise the likelihood of such reactions. The absence of such measures would
diminish public confidence in food safety. 
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A major aspect of the genetic modification of crops is the insertion of a gene coding
for a protein with an attribute desirable in the recipient crop, as in the insertion of
the Brazil nut 2S albumin gene to improve the nutritional quality of soy [7], or the
insertion of genes for the Bt crystal protein into a variety of crops to confer resist-
ance to insect pests [22]. Because any protein, other than one known from a history
of use not to be allergenic, has to be considered a priori a potential allergen, as
discussed above, safety assessment must clearly include an evaluation of allergenicity.
However, other types of genetic modification may also require that the resulting
crop, or crop component, be assessed for altered allergenicity. Specifically, evidence
will be required that existing allergens in the crop are not up-regulated and that there
is no (increased) synthesis of bio-active materials, which could facilitate sensitisation,
such as saponins which are used to boost the response in an experimental animal
model of food allergy [23]. 
11.2.4 Allergenicity and novel foods (other than GM) 
Regulation 258/97/EC [21] recognises several classes of novel foods apart from those
produced by biotechnological methods. Among others, these include foods which
have not been commonly consumed in the EU and those which have been produced
using novel processes. An assessment of potential allergenicity is also required for
these foods. The approach to this assessment would need to be tailored to the novel
food in question, based on scientific knowledge about how allergenicity might be
altered. In the case of a new plant food, relevant considerations would be the allergenicity
of the plant food that it would match most closely, the likelihood of it cross-reacting
with plant foods currently consumed and whether it would it be more allergenic than
the plant food(s) it would displace (if any). In the case of a food produced through a
novel process, the main question would be whether the process would alter the activity
of any existing allergenic components or would create neo-allergens. 
11.3 Allergenicity assessment 
11.3.1 Aims 
An assessment of allergenicity should ideally produce data which can be used to prepare
a complete risk assessment. These data should include information on: 
• How likely is the protein of interest to sensitise susceptible individuals, if they
consume it? 
• If someone becomes sensitised, what is the likely lower eliciting dose (threshold)? 
• Is the protein likely to produce reactions in individuals allergic to the source of the
protein? 
• What is the likelihood of producing a reaction in someone already sensitised to
a different food (cross-reactivity)? 
At present, the tools available can only give partial answers to these questions. 
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The first systematic approach to assess the allergenic risk from GM-food [8] suggested
a decision tree based on direct and indirect comparison of allergen structure and
evaluation of stability to digestion and processing. This first decision tree (Fig. 11.1)
greatly influenced subsequent discussions. 
11.3.2.1 European Community. According to EU regulations [21, 24], evaluating the
allergenicity of a novel food from a GM source should include consideration of the
allergenic potential of the donor and of the recipient organism. In vitro and in vivo
tests in individuals allergic to the traditional food counterpart are suggested to this
end, although it is recognised that this approach raises ethical problems. If the novel
protein comes from a source that is known to be an allergenic food, specific immuno-
logical tests using sera from allergic individuals are suggested. If these tests are negative,
in vivo skin prick tests and oral challenges may be performed. The regulations also
recommend the evaluation of possible indicators of allergenicity, such as epitope
sequence similarity with known allergens, heat stability, sensitivity to pH, resistance
to hydrolysis by gastrointestinal proteases, plasma levels and molecular weight.
Human data from pre-marketing trials, together with reports of sensitisation in workers,
were also recommended as sources of additional evidence. As with other toxicological
endpoints, the choice of tests should be made on a case-by-case basis, guided by scientific
feasibility, necessity and the interpretability of the results. The regulation also
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of novel foods in humans. 
11.3.2.2 WHO/FAO. The FAO/WHO Expert Consultation on Foods Derived from
Biotechnology proposed a new decision tree (Fig. 11.2) for assessing the likely aller-
genicity of novel proteins. It updates the original decision tree (essentially the same as
in ref 8) and proposes some interesting new ideas [10], namely different decision
pathways and elimination of any requirement for in vivo human testing. It also recognises
that animal models may be of value, although it recognises that no validated ones are
currently available. Another notable innovation is that it describes, in some detail,
many of the procedures to be used and how some of the findings may be interpreted.
In doing so, it seeks to encourage the adoption of harmonised methodology which
would not only make evaluations easier to compare and reproduce, but also permit an
eventual assessment of their predictive value. Key features of the new recommendations
include an outline description of the amino acid sequence comparison, a detailed pro-
tocol for the measurement of pepsin resistance and new guidance on serum screening
procedures to improve the significance of results. In the new scheme, sequence similarity
is accorded an enhanced role. The consultation report suggests that cross-reactivity
between the expressed protein and a known allergen (as can be found in the protein
databases) has to be considered when there is either: 
1. more than 35% identity in the amino acid sequence of the expressed protein
(i.e. without the leader sequence, if any), using a window of 80 amino acids and
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alignment programs); or 
2. identity of six contiguous amino acids. 
Since an identity of six contiguous amino acids between an allergen and a given
protein sequence has a high probability of occurring by chance, verification of potential
cross-reactivity is warranted when criterion (1) is negative, but criterion (2) is positive.
In this situation, suitable antibodies (from human or animal source) have to be tested
to substantiate the potential for cross-reactivity. Alternatively, if a protein has an identity
score with a known allergen that equals or exceeds 35%, the protein can be considered
to be a likely allergen and no further testing is suggested. This conclusion is based on
the knowledge that families of allergens where there is clinically significant cross-
reactivity and high sequence similarity have been described. For instance, the major
apple allergen (Mal d 1) has sequence homology with the major birch pollen allergen
(Bet v 1) of 56% and with the major hazelnut pollen allergen of 54% [25]. However, a
high degree of sequence similarity may also occur without clinically relevant cross-
reactivity. For example, tropomyosin from chicken has 60% sequence homology with
tropomyosin from shrimp, the major shrimp allergen, but there is no IgE cross-
reactivity between shellfish and vertebrate tropomyosins [26]. As there are no generally
accepted criteria for defining significant matches, sequence alignment must be combined
with other considerations such as the source of the protein, stability to digestion and
stability to processing [27]. 
If there is no sequence similarity between the novel protein and known allergens,
the recommendation from the FAO/WHO consultation is that the protein should be
tested against serum from patients. This can take place either in a specific serum
screen, if the protein is from an allergenic source, or in a targeted screen if the sera for
a specific screen are not available, or available in insufficient numbers to produce data
with the desired level of statistical significance. The targeted screen is also proposed
in the event of the specific serum screen being negative. The concept of the targeted
serum screen is to test the protein against sera from people allergic to broadly related
species. Thus, if the recombinant protein is derived from a monocotyledonous plant
source, it is proposed to test serum samples from patients with high levels of IgE anti-
bodies to monocot allergens such as grass and rice. Similarly, with a recombinant
protein derived from a dicotyledonous plant, serum samples from patients with high
levels of IgE antibodies to dicot allergens such as tree pollen, weed pollen, celery,
peanuts, tree nuts and latex should be used. A similar approach is suggested if the
recombinant protein is derived from a mould (fungus), an invertebrate or a vertebrate.
Such a screen should include 25 individual serum samples with high levels of IgE to
the selected group of airborne allergens and (if applicable) 25 serum samples with IgE
to the selected group of food allergens. 
This targeted serum screen will determine whether the novel protein has IgE
epitopes identical to those present in putatively related inhalant or food allergens. This
approach is pertinent, as a number of food allergies are caused by cross-reaction to
inhalant allergens. However, with our current lack of knowledge regarding the
mechanisms of food allergenicity, the positive predictive ability of the targeted serum
screen is not known, making a risk assessment difficult. As a consequence of this lack
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screen, its pepsin resistance should be evaluated. In addition, it should be tested in an
animal model, although there are currently no well-validated animal models available.
Further evaluation tests in humans, such as skin prick tests and oral provocation, may
also be needed. These are mentioned in the WHO report but are not included in the
decision tree, based on the acceptance that they may not be performed for ethical reasons.
To summarise, the main innovations in the FAO/WHO decision tree are: 
1. defining how analysis of sequence similarity should be performed and interpreted;
2. introducing targeted serum screen where no sera exist to the source of the protein;
3. suggesting the use of animal models. 
11.3.2.3 Codex Alimentarius. Because the FAO/WHO report introduced a new
approach to the assessment of allergenicity, the Codex ad hoc Intergovernmental Task
Force on Foods Derived from Biotechnology decided that an Annex, containing
detailed procedures for the allergenicity testing, should be prepared. An Ad Hoc
Open-ended Working Group was formed to draft such an Annex. 
The Ad Hoc Open-ended Working Group declares in the introduction that an integrated,
stepwise, case-by-case approach should be used to assess the possible allergenicity of
newly expressed proteins [28]. As in the FAO/WHO tree, the first step should be
comparison of sequence similarity. The group is aware that searches for six identical
amino acid searches may increase the likelihood of identifying false positives. Pepsin
resistance should also be included in this first step. A positive sequence similarity or a
positive result in a specific serum screen suggests that the protein is a likely allergen,
and further development should be discontinued. If the source of the gene is not allergenic
and no sequence similarity with known allergens is found, the protein is considered
not to be a likely allergen and also unlikely to be cross-reactive to known allergens.
These results should be interpreted together with other data. Targeted serum screening
and animal models are not included but mentioned under areas requiring further
development. This Annex is now under discussion in the Codex system (step 3 March
2002). 
Before targeted serum screening and animal models are more developed and validated,
results from these tests may be difficult to interpret and therefore to use in hazard
identification. At present, if a new protein comes from a non-allergenic source (the
right side of the decision tree), the possibility for hazard identification is limited to
sequence homology and resistance to degradation. There is therefore an urgent need
to develop new test methods and testing strategies. 
11.4 Methods for assessment of allergenicity 
11.4.1 In silico methods 
11.4.1.1 Sequence analysis. All formal schemes for the assessment of potential
allergenicity, including the latest FAO/WHO decision tree, incorporate an element of
comparison of the primary structure of the protein with that of known allergens [8, 10].
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structures all ultimately derive from the primary amino acid sequence of the protein,
but may belong either to the primary structure (linear epitopes) or to the secondary or,
more usually to the tertiary structure (conformational epitopes). Analysis of sequence
similarity can provide assurance that a novel protein does not share significant lengths of
primary sequence, and therefore linear epitopes, with known allergens. This helps to
provide assurance that the protein of interest will not bind to antibodies to known aller-
gens, present in individuals sensitised to them. Sequence analysis can thus help to
establish whether the protein is likely to prove unsafe for existing allergic individuals.
It can also provide other information by identifying possible similarities with protein
classes which contain known allergens (e.g. 2S albumins, pathogenesis-related proteins). 
11.4.1.2 Methodology. Sequence analysis uses public domain databases, contain-
ing either the primary sequence of proteins or the nucleotide sequences from which
such protein sequences can be derived. These were first established in the 1960s,
initially on paper and later in electronic form, and have grown exponentially since
that time. These databases, and their associated tools, were designed primarily for
the study of protein structure, function and evolution, rather than for identification
of potential allergenic epitopes in novel proteins. The consequences with regard
to their value and role in allergenicity assessment were discussed extensively by
Gendel [27]. 
11.4.1.3 Databases. Sequence databases comprise nucleotide and protein sequence
databases. Historically, the protein sequence databases preceded the nucleotide ones.
However, as a result of genome sequencing and similar activities, the nucleotide
sequence databases have now far outgrown the protein ones. Most protein sequence
information therefore originates from translation of nucleic acid sequences, and several
protein sequence analysis programs use this information directly. 
Three primary nucleotide sequence databases exist: GenBank (run by the National
Center for Biotechnology Information – NCBI, USA), EMBL (run by the European
Bioinformatics Institute, Europe) and the DNA Database of Japan (DDBJ). These
nucleotide sequence databases contain sequences submitted directly by researchers.
The role of the DNA database is to collect all these sequences, store them, curate them
and make them available in a consistent format to the global scientific community. All
these databases participate in the International Nucleotide Sequence Databases
Collaboration (INSDC). In practice, this means that these databases exchange data
daily, although they retain individual features such as accession numbers. Sequences
need therefore to be submitted to one database for them to be included in all of them,
and searches in each database will be similarly effective. In this collaboration, only
the database to which a sequence has been submitted can update that particular entry.
These DNA databases can all be considered primary databases in as much as they
receive data, which have been generated experimentally in a laboratory, rather than
translated from some other sequence or generated by some theoretical model. The
mission of the DNA database is neither to select data which are valid, nor to present
a critically edited version of the data. A consequence of this is that the database may
contain different copies of the same sequence, as well as overlapping sequences. 
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sequences being determined by direct protein analysis. Instead, most of the information
they contain is derived from the nucleotide sequence databases by translation. About
95% of the sequence data in SWISS-PROT, for example, come from the translation of
DNA sequences available in the nucleotide sequence database (GenBank/EMBL/DDBJ).
The protein sequences in SWISS-PROT are thus almost exclusively derived from the
data stored in the DNA archive. The added value of SWISS-PROT and other protein
sequence databases resides in the high level of annotations (such as the description of
the function of a protein, its domain structure, post-translational modifications, variants,
etc.), the minimal level of redundancy and the high level of integration with other
databases. This work obviously requires making judgements on the validity of some
results. TrEMBL is a computer-annotated supplement of SWISS-PROT that contains
all the translations of EMBL nucleotide sequence entries, not yet integrated in
SWISS-PROT. On 5 March 2002, Swiss-Prot contained 105 967 entries, and TrEMBL
594 148 entries. For comparison, a BLAST search for non-redundant GenBank CDS
translations PDB+SwissProt+PIR+PRF gave 419 232 sequences. 
Protein and nucleotide sequence databases are part of a community of databases,
which are co-managed [29]. This provides ways for the data contained to be checked.
SWISS-PROT, TREMBL, the Protein Information Resource (PIR) and the Protein
Database (PDB) are all part of this community. Because of the co-operative agreements
under which the nucleotide databases operate, sequences can be retrieved from any of
the general databases, although the information provided with the sequence will
differ. Other secondary databases also exist, but they are restricted to particular types
of protein for each database (e.g. MHC molecules, yeast proteins, etc.). 
The information stored in the nucleotide and protein databases differs because of
their contrasting roles. In addition to the sequence data, the nucleotide databases
contain taxonomic and bibliographic information as well as descriptors, which
uniquely identify a sequence and link it to related ones. There is little interpretative
information. In contrast, protein databases, of which SWISS-PROT is perhaps the best
model, contain, in addition to the sequence and identifying descriptors, information such
as the description of the function of a protein, its domains’ structure, post-translational
modifications and variants. 
11.4.1.4 Comparing sequences and determining similarity. Sequence similarity between
proteins can be established for the whole protein (global alignment) or for sequences
within the proteins (local alignment). Since recognition of proteins by T-cell receptors
or antibody-binding sites only involves the relatively small sequences that form the
epitopes, local alignment is logically the most relevant. However, it is also useful to
know whether an unknown protein shares a significant proportion of its sequence with
an allergen, since individual epitopes are not defined for most proteins. Moreover, this
information can indicate whether the protein of interest belongs to a family which
contains known allergens. Several algorithms have been proposed, but the most fre-
quently used are FASTA [30] and BLAST [31], from which computer programs of
the same name have been generated. Both methods rely on assessing the probability
that an alignment between a query sequence (the unknown protein) and a sequence in
the database occurs by chance. 
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method for global alignments. The current version offered by databases and search
interfaces is FASTA3, which is one of a family of related programs, which differ in
the sort of sequence they are designed to compare. The principle used to determine the
degree of global similarity is to compare the protein of interest with those in the database,
using pairwise comparison of amino acids. These comparisons are done for segments
of specified word lengths (i.e. amino acid number) and to generate segments with several
matches along the protein. The segments are given scores, which are a function of the
number of successful matches, with negative scores for gaps and non-matching amino
acids. The program also uses a substitution matrix, that is a table of scores for mismatched
amino acids at particular points in the sequence. This type of matrix allows conservative
substitutions to attract a lower penalty, than those in which there is a complete change
in the type of amino acid. The initial segments are then further combined and scored.
Finally, the program finds an optimised gapped alignment around the initial segment
which gave the best score. The results include an estimate of the likelihood of particular
alignments arising by chance. 
The program automatically searches for and eliminates regions of low complexity,
for example multiple repeats of one or two amino acids, which would otherwise result
in apparently significant homology, but without necessarily having any biological
significance. 
Some of the limitations of global alignment include the fact that the statistical basis
for the procedure is not fully established, since the shape of the distribution of alignments
within the database is not known. As a result, any probability estimate is approximate.
Another limitation is that the scoring matrices and, therefore, the scores given for
mismatched amino acids and gaps are arbitrary, although different matrices can be
used. No matrices exist which address the effects of specific amino acid substitutions
on protein binding to antibodies or T-cell receptors. 
BLAST (Basic Local Alignment Search Tool) is the most commonly used algorithm
for establishing local alignments between protein sequences. Unlike FASTA, it has a
firm statistical basis, using the methods of Karlin and Altschul [31]. The BLAST
program works on the basis of finding High Scoring Segment Pairs (HSPs), which are
pairs of sequences of equal length (one in the query protein, the other in the database pro-
tein) whose scores cannot be improved by extension or trimming. The current version
(2.0) allows gaps in local alignments and imperfect matches, using a substitution matrix
to score non-matching amino acids. The expected number (E) of HSPs with a score of at
least S is calculated for each match, and is a measure of the probability of such a match
occurring at random in the searched database. The E-value is a selectable threshold for
reporting matches, so that distant similarities can be identified, if appropriate. As for the
FASTA program, low complexity regions, which would be expected to give very high
alignment scores without biological significance are screened out. The limitations of
FASTA, with respect to the substitution matrices, apply equally to BLAST analyses. 
11.4.1.5 Limitations of protein sequence similarity analysis. Protein sequence databases
contain data about the primary sequence of proteins. Aside from specific limitations
pertaining to the tools used to analyse sequences, a major limitation with respect to
their ability to identify potential allergenic epitopes is that many of the latter are
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offers a possible solution, but the number of proteins in such databases is at present
too small to be of value. The search term allergen gave 1869 hits through the Entrez
interface for protein databases (March 2002), but often more than one sequence has
been submitted for each allergen (e.g. corresponding to a partial sequence or an isoform).
The number of individual known allergenic proteins is therefore much less than 1869.
In contrast, the number of sequences retrieved by the same search term in the
Brookhaven Protein Databank (PDB), which stores 3D-proteins structures, was 42 out
of 17869 structures, many entries being for the same molecule under different conditions
of crystallisation. Another limitation is that the allergenic proteins in many foods have
not yet been identified, and therefore not sequenced and submitted to databases. 
Some limitations pertain to the software itself and its use. The implementation of
all search algorithms requires various compromises in order that the searches can take
place within a reasonable time. 
Allergenic epitopes recognised by antibodies are generally about eight amino acids
long, although lengths of linked shorter multiple repeats can occur (e.g. 2 × 4 amino
acids separated by two other, non-binding amino acids) [32]. However, for any given
size of database, the likelihood that a query sequence will match a sequence in the
database by chance increases, as the length of the sequence diminishes. In practice,
this means that because such matches have a high probability, they will not be
reported, even though they may be relevant. It may be possible to overcome this problem
partially by only searching against a subset of all sequences, e.g. allergens, provided
that such a subset can be generated. It is also possible to adjust search parameters,
such as the threshold E-value above which matches should not be reported, or to use
different scoring matrices, which for example introduce larger gap penalties.
However, this can often result in large numbers of irrelevant matches, which have to
be sorted through to identify potentially relevant hits [33]. Another limitation of the
tools available for analysing protein sequences is that most of the tools have been
optimised for identifying sequence similarity, in order to classify an unknown protein
as a function of the family to which it belongs and the function which it performs.
Such parameters can be useful in the context of allergenicity assessment, but at the
amino acid sequence level, exact matches with relatively short sequences are more
appropriate. Programs such as Peptide Match, available in the PIR database, can also
help in identifying matches [34]. 
The FAO/WHO consultation (2001) was the first to recommend a specific
approach to sequence comparison. It is briefly as follows. Firstly, all polypeptides that
can be generated using an 80-amino acid reading frame should be generated from the
protein of interest. These polypeptides should then be compared with a database con-
taining all known allergens. Based on knowledge of cross-reactivity and protein
structure, a 35% or greater similarity with known allergens then triggers a serological
examination of the protein, using sera containing antibodies to the putative-related
allergen. Should no global similarity be established, all possible hexamers should be
generated from the novel protein sequence (excluding any leader sequences and any
other elements not present in the final translated product). These hexamers should
then be compared with the proteins in the same allergen database, looking for exact
matches, if possible. The six-amino acid reading frame was proposed as a more sensitive
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which was based on the minimum number of amino acids constituting an IgE anti-
body epitope. The logic for this choice was based on the observation that in some
instances, matches of as few as four amino acids [32] were immunologically significant,
although only in the context of a hexadecapeptide in which two of those sequences
were separated by an irrelevant hexamer. Additionally, some of the regions responsible
for IgE binding in the peanut allergens Ara h 1 [35] and Ara h 2 [36] were also found
to consist of a minimum of six contiguous amino acids, although most were eight to
ten amino acid long. Applying these principles to an ice-structuring protein from fish
[33, 37], we found that reducing the reading frame to exact matches of seven amino
acids produced six hits with unrelated proteins in the PIR database, while using six
amino acids generated 515 matches, none of which were biologically significant.
Thus, while the aim of the proposal, i.e. to make sequence analysis more predictive, is
commendable, there is a need to establish the general validity and practicability of
such recommendations. Indeed, the briefing paper concluded that a match of at least
eight contiguous identical amino acids of the protein in question with a known allergen
was useful for identifying potentially allergenic components [38]. Given the limitations
of what such an analysis can yield, it is questionable whether it is of value to direct
efforts to improve it in that direction, rather than towards the development of publically
available allergen databases and specific tools for sequence analysis within those
databases. 
11.4.2 Immunochemical methods 
In silico methods can help predict the allergenicity of unknown proteins through
identification of the class of protein to which they belong and their possible function.
At a molecular level, they can identify structures which may bind IgE and which
constitute warnings, not merely of the sensitising potential of the protein, but also of
the potential to provoke reactions in individuals already sensitised to another protein
possessing the same structures. However, as discussed above, such methods do not at
present provide conclusive evidence of hazard. Conversely, the absence of similarity
to known allergens cannot be taken to exclude entirely the possibility of cross-reactivity.
In particular, where a protein is derived from a known allergenic source, it is prudent
to establish that it will not pose a risk to individuals already sensitised to the source of
the protein. For instance, if a minor protein from peanut is used, then it is essential to
confirm that it is not recognised by IgE antibodies from a selection of peanut-allergic
individuals. In vitro immunochemical studies of IgE binding can provide such
information. Methodologies used fall into two categories: 
1. Those which are essentially chemical in nature and which measure IgE binding
alone. Prototypes of these assays include the radioallergosorbent test (RAST) and
its many variants, including inhibition RAST and equivalent assays with non-
radioisotopic readouts. Numerous variants of the different methods exist and the
reader is referred to them for details of experimental methodology [39, 40]. Another
widely used methodology is immunoblotting (western blotting), which helps to
identify the individual proteins which bind IgE. Basically, a mixture containing the
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sodium docecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE). The
separated proteins are then electroblotted onto a suitable membrane (e.g. nitrocellulose
or PVDF), after which they are incubated with serum containing IgE antibodies of
interest in order to identify binding. Binding can be quantified using densitometry and
appropriate standards. Some of the drawbacks of immunoblotting include the fact that
glycosylated proteins do not run in accordance with their molecular weights. Also,
labile proteins need to be handled with care to emerge immunochemically intact from
the harsh procedures of SDS-PAGE. 
2. Those that not only give an indication of IgE binding but also provide information
on whether this binding is biologically meaningful. These methods are cell-based and
mimic the biological events which take place when allergen binds to specific IgE
bound to effector cells, such as basophils or mast cells. Variants of the assays exist,
based on both human and animal cells [41, 42]. In essence, the assays are as follows.
Cells are either passively sensitised with IgE of the appropriate specificity, or are
obtained from patients whose serum contains the appropriate IgE (and therefore are
coated with this IgE). The cells are then treated with the protein or protein mixture of
interest and mediator release is measured in response to this stimulus, indicating
whether any IgE binding observed in RAST or immunoblotting assays is biologically
significant. 
11.4.3 Pepsin stability 
An assessment of resistance to pepsin was included in the original IFBC/ILSI
decision tree [8]. The reasoning behind this inclusion was that in order for a protein to
induce an immune response, it needed to be seen by the immune system in a reasonably
intact condition. Proteins able to resist degradation under the conditions prevailing in
the stomach would therefore be more likely to be allergens than those which were
degraded rapidly. Astwood and Fuchs [9], using the protocol listed in the US Pharma-
copea [43], provided experimental evidence to support this hypothesis. Thus they
demonstrated that Rubisco (ribulose bis-phosphate carboxylase/oxygenase), which has
never been shown to produce an IgE response, was rapidly degraded (<15 seconds),
whereas allergens such as Ara h 2, ovalbumin and β-lactoglobulin, for example, were
largely intact after 60 minutes exposure to simulated gastric juice. Other experimental
evidence to support a reduction of allergenic potential by proteolysis comes from vast
experience with cow’s milk protein hydrolysates, which are prepared for infants who
suffer from cow’s milk allergy. Findings indicate that allergenic potential starts to
decrease substantially when the fragments fall below 6kDa in molecular weight, and that
where the fragments are below 2kDa, there is no risk of precipitating reactions [42].
However, there are numerous exceptions to the rule that rapidly degraded proteins
present little or no allergenic risk. For instance, bovine serum albumin (BSA), which
breaks down in less than 15 seconds [9, 33], has been shown to be one of the aller-
genic components of cow’s milk, even though it is only present in small amounts [44].
The hypothesis that largely intact proteins are required to stimulate an immune
response has also been questioned on the basis that proteins such as BSA evoke
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IgE-mediated response [45]. The protocol used has also been criticised because it is
a poor mimic of true degradability, as it does not take into account critical aspects
such as the food matrix. Moreover, the protocols used have not been standardised, and
relatively small changes in some parameters can radically alter the outcome of the
test [46]. For example, the insecticidal Bt protein Cry 9c from Bacillus thuringiensis
is stable in gastric juice at pH 2.0, but is labile at pH 1.2 and 1.5 [46]. The FAO/WHO
(2001) consultation attempted to address these issues by recommending a standardised
protocol, adherence to which would permit much easier comparison of data. It also
recommended the use of the term pepsin resistance instead of simulated digestion so
that it would be explicit that it was not a mimic of the gastric digestion process. The
recommended procedure consists essentially of incubating the protein of interest
(500µg in 200µl) in a solution of pepsin (0.32%) maintained at pH 2.0 at a temperature
of 60 °C for up to 60 minutes in a shaking water bath. Aliquots should be sampled at 0,
15 and 30 seconds, and 1, 2, 4, 8, 15 and 60 minutes. SDS-PAGE (under reducing and
non-reducing conditions) was recommended for assessment of degradation, together
with immunoblotting to identify the potential IgE-binding capacity of any fragments,
if possible. The use of a standardised protocol will provide a valuable benchmark
against which to assess protein degradability, but recent experience indicates that
a variety of methods for assessment of degradation should be considered [33], as
SDS-PAGE is less than optimal for the detection of glycoproteins and very small
fragments. Additional methods available to assess breakdown and characterise frag-
ments include High Performance Liquid Chromatography (HPLC), Gel Permeation
Chromatography (GPC) and Matrix-assisted Laser Desorption Ionisation–Time of
Flight (MALDI–TOF) mass spectrometry. 
In addition to the protocol recommended by the FAO/WHO consultation, a more
complex gastrointestinal model (TIM) has been developed that simulates to a high
degree the physiology of the stomach and small intestine of monogastric animals and
man [47]. However, this model has not been extensively examined in the context of
protein allergens. 
11.4.4 Animal models 
An animal model with the capacity to predict the allergenicity of food proteins would
be very helpful in hazard assessment of novel foods. Several groups are working with
mice or rats to achieve this using different approaches. Some researchers consider that
it is important that the model should be able to predict the allergenicity of a protein
via the oral route, while others consider that the model should predict whether the
protein is able to induce an IgE response, irrespective of the route of exposure. Some
have used adjuvant to overcome problems with oral tolerance, although adjuvant may
skew the immune response. For the time being, the ideal animal model for food
allergy does not exist and there is no consensus on whether it should be able to predict
the allergenicity of a specific food (i.e. including potential matrix effects) or only the
inherent allergenic properties of the protein of interest. 
If animals are to be used to predict allergenicity, it is important that their immune
response identifies the same allergenic structures (i.e. epitopes) as humans. Limited
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have demonstrated that the rats identify the same proteins and protein structures in
milk and egg as humans [48, 49]. IgE from C3H/HeJ mice recognises the same peanut
allergen isoforms and epitopes, as IgE from human peanut-allergic patients [50].
An important technical detail when studying protein allergenicity is to ensure that the
animals have been on a diet, free from the protein under investigation, for at least two
generations prior to testing [51]. 
One of the problems when developing a model for food allergy is that the normal
physiological response to ingestion of soluble foreign protein is development of oral
tolerance. Hence, a model has to change this normal response. Animal models have
been developed to study the mechanisms of food allergy. Here, cholera toxin [52] or
Al(OH)3 [53] has been used to help inducing a specific IgE response. However, these
models were not developed to study the allergenicity of unknown proteins with a view
to assessing the potential risk due to exposure. 
In contrast, Atkinson and colleagues [54] developed a model specifically designed
to predict protein allergenicity, which used the sulphated polysaccharide carrageenan
as an adjuvant. In this model, Brown Norway rats are injected intraperitoneally (i.p.)
with protein (0.01–1000 µg), together with carrageenan as adjuvant. Antigen-specific
reaginic antibody (IgE) was measured by passive cutaneous anaphylaxis (PCA), a
semiquantitative method, at day 28. Dose response curves depicting the frequency of
animals producing an IgE response against dose of protein required to produce 50%
response (ED50) can be read off the graph. The ED50 provides a measure of the rela-
tive allergenicity of the proteins. Using this method, the investigators found the fol-
lowing order of allergenicity: lactoferrin > ovalbumin grade II > chicken egg white
cystatin > ovalbumin grade VII > bovine serum albumin. The ED50s for lactoferrin and
bovine serum albumin were 40–50 ng and 10 µg respectively. Results from unknown
proteins can be ranked with known allergens, and the potential allergenicity may be
predicted. 
One of the weaknesses of this model is that the protein and adjuvant are injected
i.p., together. In an alternative model, the authors [55] injected carrageenan i.p. as
adjuvant, while giving protein orally as a single bolus dose (gavage) twice a week for
six weeks, with and without saponin. Using this model, the allergens were ranked in
order of potency as ovalbumin grade II > lactoferrin > bovine serum albumin [56]. 
Brown Norway rats have also been used in an oral model, without the use of adjuvant.
In this model, young male rats are dosed by gavage with 1 mg ovalbumin/rat/day for
42 days. Serum samples are analysed for specific IgG and IgE using ELISA. In this
experiment, seven out of eight animals developed specific IgG and IgE. Because the
response is measured by ELISA, both the number of animals responding and the magnitude
of the response can be used as a measure of potential allergenicity [49]. 
Other researchers have used the same protocol to sensitise Brown Norway rats, but
were unable to induce a convincing specific IgE response [44, 57]. In our hands,
specific IgE is induced in 25–60% of Brown Norway rats, after gavage dosing with
ovalbumin or egg white (Madsen, unpublished). Brown Norway rats are inbred and
sub strains of Brown Norway rats with different capacities for IgE production may
exist. It may also be difficult to ensure that rats obtained from commercial breeders
have not been exposed at some stage of their life to the protein of interest. 
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compare the influence of route of exposure on response. IgG and IgE responses after
two intraperitoneal injections of 0.5 mg peanut agglutinin, 5 mg ovalbumin or 25 mg
potato protein extract were compared with the IgG and IgE responses after gavage
dosing with 1 mg/day of the same proteins for 42 days. Both intraperitoneal and
gavage dosing resulted in an IgG response. Peanut agglutinin produced an IgE
response in all animals, irrespective of route. Ovalbumin induced IgE in only two out
of six animals after gavage but in five out of five animals after intraperitoneal admin-
istration. Potato protein extract induced an IgE response in two out of six animals
after gavage dosing, and in three out of five i.p. administered animals, but titres were
very low. In analyses of pooled serum samples, it is evident that intraperitoneal injections
of peanut agglutinin or ovalbumin induce the strongest IgE response compared to
gavage. The IgE response to potato protein extract is weak both in i.p. administered
and gavage dosed animals [44]. At present, the intraperitoneal route therefore looks
promising, given that it appears to overcome some of the problems of the oral route,
while inducing the same response qualitatively. Clearly, if early results are confirmed
with a more extensive range of proteins, this model could prove valuable in hazard
characterisation. However, full risk assessment would require a system, which can
take account of such factors as fate in the gastrointestinal tract. 
At present, there are very few, if any, data on exposure by the oral route, which can
be interpreted to assess the probability of sensitisation. Animal models can be used to
rank proteins on the basis of their relative allergenic potency, and the applicability of
this ranking to man can be assessed by comparison with the rank order of potency in
man, as established by a combination of epidemiological and exposure data. Once
validated in this way, an animal model could provide information on the allergenic
potency of a novel protein. However, data generated in animals can only be extrapolated
to man with caution, given that most of such data have been generated in inbred
strains of mouse or rat. Such strains have distinct characteristics regarding their IgE
responses, and such characteristics do not necessarily reproduce responsiveness in
man qualitatively (is allergen A more potent than allergen B?), let alone quantitatively
(allergen A is ten times more potent than allergen B). In fact, strain differences in
response to specific allergens have been demonstrated conclusively for certain respiratory
allergens [58], and there is no reason to suppose that such differences would not be
observed with food allergens. The biology of the IgE response, previously mentioned,
also makes it difficult to draw conclusions as to the likelihood that a particular protein
will induce an IgE response in man. An important limitation, even if a valid dose–
response relationship can be elucidated, is to know what the effective dose is in an
individual. This could be affected by factors such as gastric pH and other food components
consumed at the same time. Given these factors, an amount which would not induce
an IgE response under some circumstances, might do so under a different set of
circumstances. 
11.4.4.1 Difficulties in risk assessment. Allergy risk assessment is a rather new
discipline and some of the tools required are either incomplete or absent, because of
lack of scientific knowledge. The difficulties pertain to all stages of the risk assessment
process, although they increase with progress through the process. 
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protein, namely comparison of amino acid sequences with known allergens, serum
screening, pepsin resistance and animal models. All have inherent drawbacks, which
have already been discussed. The current situation is therefore that a judgment is
formed regarding the inherent allergenicity of a protein using a weight of evidence
approach and the evidence arising from techniques, the predictive ability of which has
not been determined. Similarly, hazard characterisation, i.e. estimation of allergenic
potency, is subject to limitations. Animals models may provide the current best solu-
tion, but the applicability of the findings obtained in inbred animals on a response
which depends so heavily on genetic background to man, must always be critically
assessed. 
Of course, while these approaches give an indication of inherent allergenic poten-
tial, they do not take into account the route of exposure. Identification of the hazard is
normally the first step in the risk assessment procedure. The next step would be to
analyse stability (heat, digestion), the dose levels consumed, susceptible populations,
etc. in order to be able to translate hazard into actual risk when consuming the protein.
The difficulties inherent in this process can best be illustrated through several
examples.
A round table conference with 12 clinical allergists sharing existing data on threshold
doses concluded that threshold doses (i.e. lowest doses eliciting a reaction in sensitised
individuals) for commonly allergenic foods are finite, measurable and above zero [15].
This was the first time that a group of clinical allergists agreed that threshold doses for
allergens even existed. However, agreement was not possible on actual values for the
threshold doses for peanut, egg and cow’s milk, the foods for which the greatest
amount of clinical data were available. The presented data were on elicitation of allergic
reactions after challenge. Data on the food allergen doses that may sensitise a subject
are very rare, and generally can only be obtained indirectly. For instance, Hill [59]
considered possible sensitisation through breast milk, and suggested that very low
doses of milk and egg could sensitise. However, how these doses relate to the
amounts that may sensitise through ingestion after weaning is unknown. A large area
for investigation in this context is the amount of allergen that is bioavailable, as far as
the immune system is concerned. 
The above illustrates the difficulties of translating hazard into risk. Both the WHO/
FAO consultation and the Codex ad hoc working group have suggested that if a protein
introduced into a GM-food is a possible allergen, hazard identification is the last step
in the risk assessment procedure and the only possible risk management procedure is
to discontinue development of the product. 
Not all Novel Foods are genetically modified. Over a period of 31/2 years, the EU
had 31 applications for approval of Novel Food and Novel Food processes. Of these,
11 were GM foods, 3 new plants, and 17 included new ingredients and processes.
Whereas, the possible allergenicity of GM-foods has been extensively discussed, and
has resulted in a stringent risk assessment procedure, there has not been a comparable
discussion of how to judge possible allergenicity of non-GM novel foods. 
The Micronesian nangai/ngali nut (Canarium indicum) was not approved as a
novel food in the EU on the basis that the allergenicity of ngali nuts had not been
investigated and that adequate toxicological data were not available. In a later study,
ASSESSING THE ALLERGENICITY OF NOVEL AND GM FOODS 1892/10 grass, birch and mugwort pollen-allergic patients reacted to nangai nuts upon
challenge [60]. Several patients in this group probably have allergic reactions to other
tree nuts. An unanswered question arising from these new data is whether cross-
reactions in pollen-allergic patients are an unacceptable risk, or whether a product like
nangai nuts that probably will have a limited consumption, should be judged differently
from products such as GM-corn and GM-soy, which may be consumed by the entire
population, including infants who are a more susceptible group? 
The debate on how to assess and manage the risk of potential allergens in GM-food,
other novel food and traditional food is far from over. Clearly, it would benefit from
improved understanding of the biology and mechanisms of food allergy. 
11.5 How can we know whether we have got it right: post-launch monitoring?
Given the limitations of current methods for assessing allergenicity, it is valuable to
consider how we could verify that the judgement made was correct. Such verification
can provide several advantages. Firstly, it can furnish data about the predictive ability
of the methods used. Secondly, it can provide an early indication of potential problems,
and permit action to be taken before a widespread public health issue arises. Thirdly,
the data generated can, if appropriate, offer the food manufacturer or supplier a sound
defence for the use of a novel protein, should its safety be questioned. Allergenicity is
an ideal adverse effect to study using such a Post-Launch Monitoring programme: the
effects occur very soon after ingestion and can be readily and, ultimately, unequivocally
linked to a specific product. 
11.5.1 The role of post-launch monitoring 
Post-launch monitoring (PLM) does not substitute for the toxicological safety test-
ing programme but complements it. It recognises that there are two important
uncertainties where novel foods are concerned. The first is that the risk assessment
presented to support the food contains a number of assumptions about exposure of
the population, namely who will consume the food, how often and in what quan-
tities. These assumptions underlie predictions about the extent of known adverse
effects. The second uncertainty is, while the aim of toxicological and clinical test
programmes is to ascertain the absence of potential adverse effects in representative
populations, the diversity of human populations can never be fully reproduced.
PLM permits the verification of the assumptions made about population exposure,
and hence the validity of the risk assessment. It also permits the detection of
unintended effects, such as allergenicity which could not have been identified
during the toxicological testing programme or the limited clinical trials in man that
precede marketing of a product. 
PLM is a term which has been chosen to distinguish it from post-marketing surveil-
lance, which has been a feature of pharmaceuticals for a considerable time. There are
a number of distinctions between PLM and post-marketing surveillance, which reflect
in particular the different ways in which foods and pharmaceuticals reach those who
consume them (Table 11.1). 
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PLM requires the use, and where necessary the creation, of a variety of communication
channels, so that the required information is gathered, processed and then communicated
to relevant interested parties. These channels are typically between the company and: 
• Consumers (e.g. Company Carelines, household panels, market research companies,
data from supermarkets) 
• Associations of consumers, in particular special groups of consumers who may be
at special risk of certain side effects 
• Professional intermediaries (e.g. physicians, nutritionists) 
• Regulatory authorities. 
Each of these channels produces information of a different nature and degree of
quality. When in place, these channels provide a network for detecting potential
adverse effects and disseminating that knowledge to protect consumers. An important
aspect of PLM is that information from all sources is integrated to provide an overall
view of potential problems. 
Although Unilever has not commercialised any foods of GM origin, it has gained
experience in the PLM of novel foods through the marketing of margarines containing
phytosterol esters. The PLM system is built on extensive experience of monitoring the
introduction of new products onto the market. It contains three components: 
1. Is use as predicted/recommended? Although the data gathered in relation to this
question are also used in relation to the commercial aspects of the product, they help
to confirm whether the assumptions about exposure used for the risk assessment are
valid. Information from this part of the programme is generated primarily through the
use of household panels. For instance, in the UK, extensive data are obtained from a
superpanel consisting of 10 000 households. This panel, representative of the UK
population, generates a detailed demographic and socio-economic picture of the con-
sumers of phytosterol margarines. One limitation of household panels is that they yield
data about households, rather than individual consumers. Further qualitative data are
therefore obtained by interviewing members of selected households within the panel.
2. Are the known effects and side effects as predicted, both qualitatively and quan-
titatively? Data obtained in relation to this question will confirm the extent to which
the individuals who participated in the clinical trials are representative of the wider
population. 
Table 11.1 Comparison of post-launch monitoring for foods and post marketing surveillance of pharma-
ceuticals 
Post marketing surveillance Post-launch monitoring 
• Applicable to medicines • Applicable to functional foods 
• Prescription required • No prescription 
• Use limited (pharmacy) • Widespread use; no controls on availability
• Medical condition of user known • Medical condition of user unknown 
• Main information channels for feedback: 
physicians and pharmacists 
• Main source of information: 
consumer help lines 
• Information filtered by reporting physicians • Information unfiltered 
• Small patient base • Large consumer base 
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feature of the PLM system and is described below. 
The Unilever Careline was selected as the primary communication channel, as prior
experience showed that it provides the most extensive coverage of consumers and the
most rapid feedback to the company. To date, more than 500 000 calls have been
made worldwide to the Carelines for phytosterol margarines. Fewer than 200 calls
have been about possible adverse health effects. Other channels included household
panels (as above) and random interviewing. Specific studies, monitoring individuals
with their explicit knowledge, were found not to be appropriate, as it was found early
that the fact of being observed resulted in changes in the observed behaviour (people
behaved as the investigators expected them to behave). The product was also
discussed with patient associations and specialist and generalist physicians. 
The main features of the PLM system are: 
1. Specialised training of Careline staff to distinguish calls related to possible health
effects from other types. In particular, one aspect of the training covered the posing of
questions needed to elucidate from callers as clear a picture of the reported adverse
event as possible. 
2. Information collected on adverse events is sent quickly to the Unilever Safety and
Environmental Assurance Centre (SEAC), which co-ordinates Unilever’s safety activ-
ities worldwide. There, each event is examined independently by a toxicologist and a
clinician. 
3. The incidents are then classified as follows: 
• Irrelevant – incident not actually an adverse health effect 
• Not enough information – Careline personnel asked to obtain more information
from caller 
• Causal relationship between product use and symptoms can be excluded 
• Possible causal relationship between product use and symptoms 
• Definite causal relationship between product use and symptoms, explained by
known properties of ingredient. 
4. Investigation of adverse event by physician, if appropriate. 
5. Compilation and analysis of data by SEAC to identify possible trends on a worldwide,
regional and company basis. 
The results of PLM are summarised at three- to six-month intervals for company
purposes. These summaries can be made available to Competent Authorities, if this is
required as a condition of product approval. 
11.6 Conclusions 
Food allergy is an atopic disease, which although more limited in prevalence than
respiratory atopic disease, makes a significant socio-economic impact. Plant-derived
allergens make a significant contribution in terms of numbers of allergens, as well as
in terms of the number and severity of reactions they provoke. The impact of food
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by regulations which require an assessment of the allergenicity of foods classed as
novel. No single test or combination of tests can unequivocally predict the allergenicity
of a protein which will be ingested. Founded on this recognition, different strategies
have been proposed to determine allergenicity. Although these vary in detail between
authorities, they reflect a broadly similar approach. The tests in current use have two
main objectives: 
1. Ascertaining that the novel protein does not provoke reactions in other allergic
individuals because of its similarity to known allergens. 
2. Establishing the probability that the protein could prove an (novel) allergen. The
current consensus recognises that many of the tests in use were developed for other
purposes, and require further development and evaluation. 
Compared to risk assessment and management of chemicals in food, handling the risk
arising from new allergens in food constitutes a very special challenge. This arises for
several reasons: 
1. Only a part of the population is at risk of being sensitised, and only the sensitised
part of the population is at risk of developing disease. 
2. Risk identification and characterisation are subject to more uncertainty than for
most other areas of toxicology. In contrast to other areas of toxicology, persistent
low-dose exposure may exacerbate the problem rather than establish a steady state in
which the organism can deal with the toxic insult. 
3. In general, the symptoms are acute and caused by one ingestion. The dose causing
disease can differ by several orders of magnitude between affected individuals, and
may vary within the same individual over time. The symptoms may vary from very
mild, e.g. itching of the mouth to death, and there is no way of predicting unequivocally
what will occur when a susceptible individual is exposed. 
4. Knowledge of the lowest or no observable adverse effect levels (thresholds) in man
is very limited, while there is almost no information on sensitising dose(s). In this
context, a PLM programme can be a valuable aid to confirm the risk assessment and
thereby improve knowledge of the predictive ability of the current testing strategies. 
More knowledge on allergens, sensitisation, thresholds, etc. is needed to refine the
risk-assessment procedures in food allergy, as well as a more political discussion on
the magnitude of risk the society is willing to accept. 
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12 Monitoring of and Technological Effects on 
Allergenicity of Proteins in the Food Industry
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12.1 Introduction 
The prevalence of allergies seems to be increasing in industrialised countries [1]. This
applies in particular for respiratory tract allergies. However, the incidence of food-
related allergies also appears to be increasing [2], although sometimes reports may
seem somewhat conflicting [3]. It is not always clear, for instance, whether improved
detection methods, or increased awareness of the phenomenon, plays a quantitative
role at the epidemiological level. Nevertheless, it is undeniable that food-related allergies
present, to say the least, considerable discomfort to sensitive individuals. 
Food processing to develop hypoallergenic foods is a relatively novel and not
very widely used approach to decrease the incidence of food allergy symptoms.
Only a few examples exist of hypoallergenic foods that were brought to the market,
proteolytically hydrolysed milk proteins for infant food formulations perhaps being
the best known. Solutions for clinically diagnosed individuals are usually sought by
protection, i.e. contact between allergenic food and sensitive individual, and
adequate labelling of food products. On the one hand, the relatively small number
of hypoallergenic food products in the market may be the reflection of the relatively
small number of individuals who are sensitive to a specific food product. On the
other hand, allergens are often considered to be resistant to processing [4, and references
therein]. Although this assumption may at first seem reasonable, other options for
specific processing and new perspectives to reduce allergenicity of foods have
recently been discussed [5, 6]. 
This review deals with the prospects and promises that the combination of the
identification and monitoring of allergens (translated into immunochemical assays),
and classical and novel food processing technologies may offer to produce food products
with reduced allergenicity. Finally, prospects for the integration of the rapidly emerging
genomics and bioinformatics research areas with food technology to reduce allergenicity
of foods are discussed. 
12.2 Structural basis of allergenicity 
12.2.1 Allergenic proteins and epitopes 
Allergic reactions to foods are in fact allergic reactions to individual food components,
in most cases proteins [7], but sometimes also carbohydrates [8]. Allergens are often
proteins with molecular masses of 10–70kDa [7, 9–11], but they may occur as multimers
such as the peanut allergen Ara h 1 [7, 11] (see Section 12.4.2). 
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response [4, 7, 9–11]. Such T-cell epitopes are generally small, 12 to 18 residue,
peptide fragments [7, 11]. Food allergens and their epitopes may be quite resistant and
survive the effects of food processing and digestion [4, 12]. 
The integrity of some epitopes is not exclusively determined by their primary structure.
So-called conformational epitopes are also characterised by the tertiary structure of a
protein, and their integrity therefore depends on the thermodynamics that determines
tertiary protein structure [7]. 
Despite the relative stability of allergens and epitopes to digestion and processing,
knowledge of the epitope structure and the factors that determine its chemical and
physical stability can lead to the design of specific and well-directed approaches to
decrease food allergenicity. Structural similarities between allergens and their epitopes
may lead to the development of more generic approaches to alter their allergenicity. 
12.2.2 Allergenic cross-reactivity, biological function and processing 
Cross-reactivity between allergens and epitopes from various food products may
occur, as described for example for allergens from crustaceans [13] and from legumes
[12, 14]. Also, cross-reactivities for respiratory allergens and food allergens have
been well described, for instance between allergens from pollen of birch (Bet v 1) and
mugwort (Art v 1), and allergens from apple (Mal d 1), carrot (Dau c 1), potato [15, 16],
pear (Pyr c 1) [18], mango, celery (Api g 1) [8, 19] and hazelnut [20]. 
Allergenic proteins can be grouped into a limited number of families, based on their
allergenic cross-reactivities (Fig. 12.1) [21]. Their common properties coincide to a
considerable extent with the biological functions of these proteins in planta, for
instance as pathogenesis-related (PR) and defence proteins (Bet v 1 family (PR10),
Bet v 2 family (profilins) and LTPs (PR14)), or storage proteins (the 7S/11S globulins
and 2S albumins). 
The grouping of allergens on the basis of their resistance to heat treatment, however,
shows a less consistent picture, at least for the Bet v 1 family. The dominant allergen
of apple, Mal d 1, which is immunologically cross-reactive to Bet v 1 [15, 16], is
rather easily destroyed upon heating [20]. This also applies to the Bet v 1 equivalent
from celery, Api g 1 [8], but not to the major allergens from carrot (Dau c 1), which
was shown to be heat stable for 40 minutes at 100°C [20] or even when autoclaved at
121°C [20, 22]. Hazelnut allergens of Mr 14–18 kDa were heat stable for 15 minutes
at 155°C [20]. 
These observations lead to the conclusion that proteins with similar biological
functions, biochemical characteristics such as molecular weight (e.g. the Bet v 1
family is composed of proteins of ca. 14–18 kDa) and immunological cross-reactivity,
nevertheless may vary considerably in their physicochemical stability. 
12.3 Analytical approaches to identify and monitor allergenicity 
In recent years, the development and commercialisation of rapid and relatively cheap
immunochemical assays for a variety of applications has been accomplished. Such
198 PLANT FOOD ALLERGENSassays may also hold promise for use in monitoring the fabrication of foods with
reduced allergenicity, in particular if (pooled) patient’s sera could be used. However,
it should always be remembered that immunochemical assays remain in vitro assays.
A method of testing that is more closely linked to the in vivo situation, such as skin
prick testing, will be required to validate the predictive power of the in vitro tests.
In particular in the case of foods which, on the basis of in vitro testing, are considered
to have reduced allergenicity, it literally applies that ‘the proof of the pudding will be
in the eating’: double-blind placebo-controlled food challenge testing will remain an
essential element in the preparation of safer foods for sensitive individuals. 
12.3.1 Immunochemical assay technology 
An immunoassay is defined as an analytical technique which uses antibodies and/or
antibody-related reagents for the selective determination of sample components [23].
A key feature which distinguishes immunoassay kits from other modern techniques of
analysis is that in an immunoassay the high technology is built into the molecules and
not into the apparatus [24]. The basis of specificity and sensitivity is the antibody–
antigen reaction, which offers the possibility to detect components at levels as low as
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Fig. 12.1 Classification of plant proteins on the basis of their allergenic cross-reactivity and biological 
function. Based on: Mills et al. [21]. 
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the initial cost of immunoassay development may be rather high, the cost per test
is often a fraction of that for other analytical methods, when the procedure is well
established [25]. 
12.3.2 Stages of development 
Critical phases in the development of immunoassay systems are: (1) the preparation
and purification of the immunogen/antigen, (2) the production of antibodies, (3) anti-
body screening and (4) assay development [25]. Two additional phases have been
defined for the commercial development of immunoassay kits: (5) assay validation
and standardisation, and (6) commercial manufacture [26]. Some of these aspects will
be addressed in more detail below. Evaluation of an immunoassay kit by endusers is
essential to define the usefulness in a particular situation and under specific conditions.
Criteria for evaluation are [27]: 
Usefulness: 
• Cost (in terms of reagents, equipment and facilities, speed of analysis) 
• Use (in the laboratory or field, by trained or untrained analyst) 
• Stability (shelf life) 
• Quality assurance/Quality control (requirements, protocols, cost, availability of
standards). 
Confidence factors: 
• Bias, precision, accuracy, specificity 
• Limit of detection/determination 
• Repeatability/reproducibility (i.e. within or between laboratory coefficients of
variation) 
• False positive/negative results. 
An overall rating must be based on the relative importance of the criteria that will
vary in relation to the specific use and circumstances. 
12.3.2.1 Important parameters in choice of assay format. Several parameters have
to be evaluated in the choice of a particular assay format. These parameters include:
• Consistency of the product 
• The availability of the target compound in the product at particular stages of processing 
• The type of target compound (a protein in the case of allergens) 
• Concentration of the target compound in relation to assay sensitivity 
• Type of data required (quantitative or semi-quantitative) 
• Skills of people available for testing 
• Field or laboratory conditions 
• Required speed of data availability and 
• Acceptability of costs of screening with respect to product value. 
A balanced evaluation of these parameters will successfully guide the selection of an
appropriate assay format that meets the requirements of the users. 
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been developed to target components in foods [28, 29]. Most of these assays are of the
ELISA type, although the number of other formats is rapidly growing. Two related
formats used in allergy screening are the Radio-Allergo-Sorbent Test (RAST) and the
Enzyme-Allergo-Sorbent Test (EAST). Antibodies are also used in affinity chroma-
tography for the specific purification of target compounds. Furthermore, immunoblotting
technology offers good possibilities for screening sera for immunoreactivity against
a large number of proteins (allergens). 
In addition to these methods, more sensitive assays such as those with fluorescent
and chemiluminescent signal detection have appeared on the market. The superior
sensitivity of these methods allows the determination of very dilute components,
which is a major advantage particularly in the case of toxic materials. Furthermore,
assays incorporating new detection principles have taken over part of the market in
food analysis. These new immunosensor assays use, for example, optical, electro-
chemical and piezoelectric detection principles [30] combined with flow-injection
analysis. These assays offer shorter assay times and the possibility to analyse the real-time
kinetics of the antibody–antigen interaction. Another recent development in food ana-
lysis is the introduction of rapid and simple assays in which dry-chemistry forms the
basis of a homogeneous one-step assay. In this respect, formats like the dipstick assay
and the lateral flow-through device are being used. An important advantage of these
assays is the fact that untrained people can perform the test and interpret the results.
The over-the-counter (OTC) pregnancy hormone test kit is the classical example of
this kind of immunoassay [31]. An additional benefit is the possibility to develop
multi-analyte one-step assays monitoring several components in a single sample [32].
12.3.3 Crucial aspects in the development of immunoassays for food allergens 
In the development of an immunoassay for a food allergen, several factors need to be
addressed that are crucial for a successful market introduction. A number of these will
be briefly discussed. 
12.3.3.1 Type of immunoassay. The type of immunoassay format is important with
respect to the way an allergen is presented to specific antibodies. Factors inherent to
the various formats may influence the binding of the antibodies, such as (partial)
denaturing of proteins upon immunoblotting and the effect of dry-chemistry conditions
in one-step lateral flow immunoassays. If an allergen is sensitive to denaturation, this
phenomenon should be taken into account. 
12.3.3.2 Coating antigen. A coating antigen may be used to generate a 100% reference
signal, especially in competitive immunoassay formats. The interaction of the antibodies
used in the assay with this coating antigen and the interaction with the allergen in the
sample food matrix should at least be similar in order to develop an assay with reasonable
sensitivity. Several preparations may be used as coating antigen: an extract of the food
matrix containing the allergen, a purified allergen, an allergenic hydrolysate, or
synthetic peptides based on the allergen, or a mimotope peptide that interacts favourably
with the antibodies (possibly generated via phage display peptide libraries). In this
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consequences for its 3D structure and recognition by the antibody need to be studied
for optimal results in assay development. 
12.3.3.3 Antibodies. The type and desired characteristics of the antibodies that are
used in a particular assay are crucial for correct interpretation of the immunoassay
results [33, 34]. Antibodies induced in animals upon immunisation with the allergen
can be a good source of ligands that recognise the allergen in food samples. In particu-
lar, the production of a monoclonal antibody guarantees the lasting availability of an
important assay reagent.
However, the interaction of these antibody preparations will not necessarily reflect
the immunoreactivity of IgE in patients. In particular cases this could lead to undesired
or misleading results, for example if an assay is meant to screen for reduction or
elimination of allergenicity as a result of processing (see also Section 12.3.4). The
assemblage of an antibody source covering all or the most important allergenic deter-
minants based on pooled human sera may be an alternative. Using these antibodies,
the assay results will reflect as closely as possible the way a patient would react upon
exposure to the allergen. This antibody source, however, is limited and new batches
have to be prepared on a regular basis. In addition, it will be very difficult to prepare
a fully representative sample of IgE reactivities of patients [35]. 
12.3.3.4 Sensitivity and data output. The required sensitivity will also determine the
possible immunoassay formats [31]. If a very sensitive assay is desired, the development
of a rapid one-step lateral flow assay may not be relevant. Furthermore, a one-step assay is
also not suitable if quantitative data output is essential, since it gives a yes or no answer.
Therefore, it is necessary to formulate sensitivity levels for each allergen and to indicate
whether signals should be quantitative or only semi-quantitative. For a given allergen this
information may differ between various products. Furthermore, if the level of an allergen
is too low to be measured by the diagnostic assay, an indicator compound should be iden-
tified whose concentration shows a good correlation with that of the allergen. 
12.3.3.5 Sample preparation. In general, sample preparation for immunoassay
detection is quite simple compared to other analytical techniques. However, if the
sample of interest is a food material or product, this vital step in the performance of an
immunoassay is not always straightforward. Extraction of the target compound may
involve enzymatic breakdown of cell walls or other compartments, or include a step
with an organic solvent. This may affect the integrity of the allergen and, consequently,
the recognition by the antibodies in the immunoassay. In this respect, the interaction
of an allergen with other compounds in the food matrix needs to be studied as well.
Such interacting compounds may mask the allergenic determinants resulting in
reduced or impaired binding with the antibodies. 
12.3.4 Trends in allergy research and implications on immunoassay development 
12.3.4.1 Processing to reduce allergenic potential. Over the last years, there has
been a growing interest in the possibility of reducing or eliminating the allergenic
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processed food materials in many more products without a risk of adverse reactions of
allergic consumers. However, an appropriate assay is required to monitor the reduction
or elimination of allergenicity. In these cases detection of the allergen or another
component from the food product containing the allergen is not sufficient. Detailed
information should be available on the common (and rare) allergenic determinants, as
shown by the immunoreactivities of patients towards the allergen. It implies that the
antibodies used in such assays make it possible to monitor residual allergenic potency
of the processed allergen (see also Section 12.3.3.3). The reliability of the diagnostic
assay should also be high, especially in cases where low amounts of allergens may
result in severe effects in patients. To allow the introduction of immunoassays to
monitor allergenic potential (after processing), future research should be directed to
further characterise the allergenic determinants of a range of allergens that could
possibly be targets for elimination by processing. In this respect the food industry
should adopt protocols to track and trace food allergens, in order to guarantee correct
and efficient monitoring. 
However, it should be questioned whether processing as a means of reducing aller-
genicity should be applied to food products containing allergens that may elicit severe
responses in patients. Because it is doubtful that processing will ever result in 100%
reduction of allergenic potential, the particular allergen, and perhaps even its source,
should be completely absent from the food product in these cases. Consequently,
a relevant immunoassay should be able to monitor the presence of the allergen. 
12.3.4.2 Home testing with simple and rapid assays. The market for over-the-counter
home testing human diagnostics is rapidly increasing. Although not very prominent
yet, further growth in simple and rapid diagnostic kits for food or allergen monitoring
by the consumer is expected. In view of the complexity of food matrices and the prob-
lems that may arise upon extraction of an allergen from these, it may be questioned
whether a diagnostic kit should be available for each allergen. A false negative result
upon testing a food product may give consumers the impression that they are dealing
with a safe product. In particular cases, this may even lead to serious complications
and perhaps to legal action against the diagnostic company that produced the test.
Therefore, the characteristics of OTC test kits for the monitoring of food allergens
should be carefully evaluated in order to determine whether commercial availability is
justified and advisable for each allergen-product combination. 
12.4 Specific approaches to reduce allergenicity 
Food processing can aim to reduce allergenicity by irreversible removal of allergenic
proteins or by modifying the allergen structure in such a way that the allergenic
epitopes are no longer recognised by the immune system. These objectives can, in
principal, be achieved by a number of methods: 
• Chemical 
• Biochemical (proteases, oxidases) 
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• By breeding: classical, mutation breeding or by genetic modification. 
The acceptable rigorousness of processing methodology is limited, however, because of
processing side effects that cause unacceptable sensory losses (e.g. in colour or taste) or
that cause loss of desired processing properties (e.g. swelling behaviour, baking properties
of flour, etc.). The method of choice for processing will therefore depend on a thorough
evaluation of raw material characteristics, and product specifications: Will the product
present a more or less homogeneous phase, such as a juice or a mash, or more or less intact
tissue, such as processed fruits? Is thorough physical processing acceptable, or is there
a chance to apply more specific biochemical processing, such as enzyme treatment? 
Until now, the approach to produce products with a decreased allergenicity has
largely been empirical. The main reason for this is a lack of detailed knowledge on inte-
gral allergen and epitope structure, which hampers the design of more rational, generic
strategies for processing. Examples of the use of processing to decrease allergenicity
will be discussed, together with the potential that novel types of processing may offer. 
12.4.1 Hypoallergenic apple products 
The cross-reactivity between birch pollen allergy and apple allergy is well described
as already discussed to a considerable extent in Section 12.2. The major allergen from
apple is the ca. 18kDa Bet v 1 analogue Mal d 1 [15–17], although a few minor allergenic
proteins of Mrs of 30, 37, 43 and 67 kDa have been identified [20]. 
Apple is an interesting model system for studying processing effects, because it is
consumed in a large variety of processed forms (fresh, after storage, as sauce, as
juice), with varying physicochemical states (from intact fruit to a physically homogeneous
form such as juice). 
Freshly cut apple loses a considerable part of its IgE-binding capacity [20, 36]. This
seems related to oxidation processes in the apple tissue, that are probably enzymatic-
ally catalysed [36]. It can therefore be anticipated that oxidised endogenous phenolic
compounds such as catechin can bind to specific amino acid residues in the epitopes,
thereby reducing their IgE-binding capacity and, potentially, their allergenicity. The
role of specific oxidising enzymes, such as polyphenol oxidases and peroxidases, is
currently under investigation. 
Mal d 1 is relatively heat labile, and pasteurisation was found to be decisive for
elimination of its IgE-binding capacity [20]. This also applies for the Bet v 1 analogue
from celery, Api g 1 [8], but contrasts with the heat stability of peach, carrot and
hazelnut allergens that are also included in the Bet v 1 family [20, 22]. 
Enzymatic processing, either with the aid of proteases or specific oxidases, may
enable the development of a successful processing method, provided sufficient contact
between the allergen and enzyme can be ensured. 
12.4.2 Hypoallergenic peanut products 
Peanut allergy, being frequent in the United States but much less so in Europe until
the mid-1980s, is increasingly becoming a problem in industrialised countries. Severe
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of the general population appears sensitive, and there is an association between
asthma and peanut allergy [37]. 
Ara h 1, a major peanut allergen belonging to the vicilin family of seed proteins
(see Section 12.2), has been described relatively well [38, 39]. Using serum IgE from
peanut hypersensitive patients, at least 23 different IgE-specific epitopes were
mapped throughout the length of the protein. All of the epitopes were 6–10 amino
acids in length [38]. Analysis of Ara h 1 purified from raw and heat-treated material
showed an irreversible transition between 80 and 90°C (increase in β-structure and
aggregation), but this did not affect IgE binding [39]. Apparently, the correct conform-
ation of epitopes is not crucial and IgE is still able to bind to the relatively short,
abundant and apparently heat stable linear peptide sequences in the denatured protein [39].
Ara h 1 is a highly stable homotrimer, held together by hydrophobic interactions [40].
The hydrophobic amino acids that stabilise the trimer are at the distal ends of the
three-dimensional structure, where monomer–monomer contacts occur. Also the
majority of IgE-specific epitopes are located in this region. In this way, the tertiary
and quaternary structures of the protein may contribute to its allergenicity, as digestion
yields various IgE-specific protease resistant fragments [40]. 
Nevertheless, some approaches can be followed to produce hypoallergenic peanut
products. Thorough extraction of protein from peanut oil results in a product that is
harmless to sensitive individuals [41, 42]. Substitution of critical amino acids in
epitopes has been shown to influence the binding strength of antibodies [34, 43, 44].
It was also shown that substitution of some critical residues in IgE-specific epitopes led
to loss of IgE binding, illustrating the potential use of breeding to produce non-allergenic
peanuts [44]. Last, but not least, a differential effect of heating on the IgE-binding
capacity of peanut preparations was shown [45]. There was significantly less IgE
binding to Ara h 1, Ara h 2 and Ara h 3 in fried and boiled preparations as compared
to dry roasted peanuts, although roasting uses higher temperatures. It is possible
that the formation of Maillard reaction-related neoallergens plays a role [6]. Dry
roasted peanuts are the predominant consumed form in the United States, in contrast
to China. Peanut allergy is also much more prevalent in the United States than it is
in China. If this apparent correlation can be further substantiated, it would illustrate
the potential to reduce food allergic reactions through the application of specific
processing methods. 
12.4.3 Hypoallergenic soy products 
Soy allergy belongs to the so-called big eight of food allergies, as does peanut allergy.
A variety of methods, ranging from breeding-oriented to extraction, have been
successfully applied to produce low-allergenicity soybean products. 
Refined, bleached and deodorised soy oils did not pose a risk to allergic individuals [42].
Heating of soy proteins at 80 or 120°C also significantly reduced IgE binding to
allergenic epitopes, to a greater extent than IgG binding which was used as an indicator
of the integrity of immunogenic epitopes. Also enzyme digestion was claimed
to greatly reduce IgE binding [46]. This latter option was confirmed by other
researchers [47, 48]. 
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soy are the storage proteins Gly m Bd 60K, Gly m Bd 30K and Gly m Bd 28K. The
allergenicity of soybean and soybean products was reduced by a combination of
mutation breeding, physicochemical treatment and enzymatic digestion. Gly m Bd
60K and Gly m Bd 28K were eliminated by development of a mutant line, while the
strongest allergen, Gly m Bd 30K was salted out or destroyed by enzymatic digestion.
Challenge tests showed that approximately 80% of soy sensitive patients could ingest
products that were produced from this hypoallergenic soy, without adverse reactions [47].
12.4.4 Enzymatic processing 
Biochemical (enzymatic) processing of raw materials may also aid the removal of
allergenicity. Prerequisites are sufficient contact between the allergen, or epitope, and
the enzyme, and sufficient control of undesired side effects that may affect sensory
quality or processing properties. 
In some cases, proteolytic processing is insufficient to reduce allergenicity, as
described above for peanut [40] and as also described for peach products [22]. Again,
insufficient contact or insufficiently specific proteases may account for the lack of
success. 
Another clear example of the potential use of a specific protease is presented by the
decreased allergenicity of wheat flour gluten, via treatment with the protease
bromelain [49, 50]. The wheat glutenin IgE-binding epitope has the structure
Gln-Gln-Gln-Pro-Pro [50], which made it susceptible to cleavage by bromelain, a
peptide that cleaves near Pro-residues. The IgE-ELISA test used in the experiments
suggested that the treatment resulted in hypoallergenic flour. A similar result was
achieved with the (non-food grade) enzyme collagenase from Clostridium. This
suggests that epitopes with the structure Gln-X-Y-Pro-Pro may be sensitive to proteolytic
modification. An undesirable side effect of this type of proteolytic treatment may be
that the proteases will change the structure of the bulk of the available protein, thereby
affecting the baking quality of the flour. Although many proteins were indeed
degraded, Tanabe et al. produced a muffin from the hypoallergenic flour [49]. 
A further example of successful enzymatic processing is the production of hypo-
allergenic rice by a two-stage enzymatic process, making use of actinase. The treated
rice grains retained acceptable textural properties [51, 52]. 
The potential, in specific cases, of using oxidising enzymes to reduce allergenicity
has already been illustrated for apple (Sections 12.2 and 12.4.1). Hazelnut has also
been treated successfully to reduce its allergenicity, via treatment with trypsin,
elastase or a protease mixture [20]. 
12.4.5 The use of breeding and genetic modification to reduce food allergenicity 
The potential for using breeding to reduce the allergenicity of food products has
already been illustrated for peanut (epitope amino acid replacement) [44] and soy
(chemical mutation induction) [47]. These examples, together with the demonstra-
tion that proteolytic modification of an immunogenic epitope can be achieved
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in proteins can be introduced without unacceptably altering the overall protein
properties.
Genetic modification also holds promise for quality improvement of foods from an
allergenicity perspective. Genetic modification was successfully applied to reduce
allergenicity of rice, by knocking out an α-amylase [53]. Less successful, although
not aimed at reducing allergenicity but at increasing the sulphur-content of soy, was
the introduction of a gene from Brazil nut. A strong allergic response to the introduced
protein, which was a known allergen, was indeed observed [7]. 
An intense debate is currently ongoing as to the allergenic safety of genetically
modified (GM) foods. Indications that any risk is controllable and should not be exag-
gerated are supported by the existence of decision trees that can be used to rationally
estimate the potential allergenicity of not only GM foods, but any kind of novel foods [21].
Until now, there are no reports on abnormal health effects due to, for example, the
market introduction of GM soy products in the United States. A comparison between
natural soybean and glyphosate-resistant GM soybean showed no difference in
allergens [54]. 
12.5 Potential of novel processing 
As markets become more consumer-driven than ever, novel preservation methods are
being developed. The aim is to pasteurise or sterilise food products with less thermally
induced quality loss, by using chemical additives to give a better quality compared to
conventional preservation methods. The most important new technologies are high
pressure processing (HPP) and pulsed electric field treatment (PEF). 
Conventional heat treatments result in inactivation of micro-organisms and
enzymes. However, these treatments may also cause undesired alteration of the product.
Minimal processing techniques have less effect on the quality of the fresh materials
by processing the products at room temperature. Hurdle technology is an example of
such a mild preservation technique: through the combined application of mild physical
processing techniques and, for instance, low doses of natural preservatives, synergistic
effects are achieved with less impact on the sensory characteristics of the raw material.
The treated product combines high quality (preservation of the fresh characteristics)
with microbiological and enzyme inactivation. 
12.5.1 High pressure processing 
Pressures up to 1000MPa can be applied to liquids for food conservation and preparation.
Under these high pressures, macromolecules may be altered, with protein denaturation,
lipid crystallisation, starch gelatinisation and other effects. Small molecules associated
with flavours, colours and vitamins are not affected (Fig. 12.2). Therefore, food can
be preserved without the loss of most of its fresh characteristics. Enzymes and micro-
organisms are inactivated under high pressure. After an exposure time of 1 to 20
minutes, pressure is normalised. The pressure is applied isostatically, which implies
that pressure distribution is uniform in the product. It is also important to note that
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a typical temperature change is in the range of 10–15°C. 
At present, the technique is successfully used in Japan, United States and Europe
for products such as citrus juices, guacamole, ham, oysters and rice. 
12.5.2 Pulsed electric field processing 
The preservation of bulk products by electrical impulses is an emerging technology
that opens new perspectives for the food and pharmaceutical industries. This novel
type of preservation method can be applied homogeneously through the product and
is readily applicable to the pasteurisation of liquids at reduced temperatures. The
application of PEF also allows foodstuffs to be treated at ambient temperatures. PEF
treatment relies on the impact of intense electrical impulses on a microsecond time
scale on microbial activity. When an electrical impulse is applied, the osmotic balance
of micro-organisms present is disturbed and, under appropriate conditions, micro-
organisms are inactivated. Reductions in plate counts exceeding five orders of magnitude
can be established by a single impulse. In practice, the feasibility of PEF technology
has already been demonstrated: preservation conditions were established at temperatures
less than 30 °C resulting in inactivation of vegetative micro-organisms in combination
with retention of the fresh characteristics. 
12.5.3 Novel processes and food allergenicity 
Novel processes may influence the allergenicity of food, mainly by altering the
conformation and stability of proteins. In the process-parameter range used for food
processing, high pressure alters proteins while pulsed electric fields have only a minor
effect. High pressures can affect protein conformation and can lead to protein denaturation,
aggregation or gelation, depending on the protein system, the applied pressure, the
temperature and the duration of the pressure treatment. Conformational changes occur
due to the effect of pressure on packing, hydration and non-covalent interactions in
proteins. In general, reversible effects are observed below 100–200MPa (e.g. dissociation
of polymeric structures into subunits) while above 200 MPa, non-reversible effects
may include complete inactivation of enzymes and denaturation of proteins [55, 56].
Figure 12.3 shows a general phase diagram of the denaturation of proteins during
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transition depends on the protein and solvent used. High pressure can also affect
Maillard reactions in food, depending on the pressure and temperature used [56]. 
A rice product with a lower allergenic potential is on the market in Japan, based on
the preferential release of allergenic proteins by pressure treatment. When polished
rice grains were immersed in water and pressurised at 100–400 MPa, a considerable
amount of proteins was released. The major proteins released were identified as
16kDa albumin, α-globulin and 33kDa globulin, all of which are major rice allergens.
The proposed mechanism is that the partial destruction of endosperm cells by pressur-
isation enhances the permeation of the surrounding solution into the rice grains. This
results in the solubilisation of proteins and the subsequent diffusion from the
endosperm cells to the surrounding solution. The removal of allergens by pressurisation
only was insufficient. The allergenicity of the proteins was almost completely eliminated
by pressurisation in the presence of proteolytic enzymes [57]. 
The recognition of ovalbumin by specific antibodies can also be decreased by high
pressure treatment, due to modifications of the tertiary structure of the protein resulting
in a significant decrease in the number of epitopes per unit mass of soluble protein.
Ovalbumin represents >50% (w/w) of egg white protein and has a prominent role in
determining the functional properties of egg albumin. The residual immunochemical
reactivity of ovalbumin in albumin samples treated at 400 or 600 MPa for 5 minutes
was 60% of that of the ovalbumin in untreated albumin [58]. It is interesting that these
pressures can be used to stabilise egg albumin from a microbiological standpoint
while retaining most of the technologically relevant properties of the material and
decreasing the allergenicity. 
Both thermal treatment and novel processes can result in increased accessibility of
enzymes which can be used for reducing the allergenicity. An example of this is the
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Fig. 12.3 General scheme of the pressure–temperature phase diagram of proteins.
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elimination of beta-lactoglobulin which is a major allergen causing milk allergy.
Beta-lactoglobulin is less resistant to pressure than alpha-lactalbumin. Pressures of
150 MPa caused partial denaturation of beta-lactoglobulin, making it accessible to
thermolysin and resulting in degradation of beta-lactoglobulin without affecting
alpha-lactalbumin [59]. 
However, high pressure treatment (600 MPa, 20°C) was not sufficient to destroy
the IgE-binding capacity of the Api g 1 allergen of celery [8]. 
Reports on the impact of PEF on food allergenicity are scarce, but treatment of celery
with 10 kV at 50 Hz, did not destroy the IgE-binding capacity of the Api g 1 allergen,
nor did γ-irradiation (10 kGy) [8]. 
12.6 Future directions 
Various processing techniques have been applied successfully to reduce the aller-
genicity of foods. Foods with decreased allergenicity may offer relief to considerable
groups of sensitive consumers, as demonstrated by the soybean case [47] and possibly
also with peanuts [45]. In this latter case, it should be realised that the differences in
the prevalence of registered peanut allergy may also be caused by the incomparability
in the health care systems in the United States and in China, and by differences in
diagnostic and registration systems. 
A wide variety of processing techniques, ranging from molecular biological via
enzymatic to physical, have been applied in attempts to reduce allergenicity. The lack
of generic approaches, and the highly empirical nature of the research, partially
reflects the lack of structural data on allergens and allergenic epitopes. The development
of more generic approaches can be accelerated by integrating biological and biochemical
data on food allergens into food technology [60]. The latter discipline will generate
essential data on the processing behaviour and stability of (allergenic) proteins and
epitopes. The former disciplines are now generating vast data collections on protein
structure and its genetic background, through the rapid developments in genomics,
proteomics and bioinformatics. Proteins, and in particular their epitopes, can be modified
without affecting their essential functions [5, 47], while minimal modifications may
have great impacts on IgE recognition by epitopes [43, 44]. This opens the perspective
for in silico screening of germplasm collections, to identify crop varieties with modified
(i.e. lowered) allergenicity. As a direct spin-off of increased knowledge of the
genomes of various agricultural crops, it can be anticipated that specific combinations
of enzymes (proteases or oxidases) can be selected that may contribute to the modifi-
cation of allergenic epitopes, and thus to reduction of their IgE binding. Additionally,
the rapid developments in bioinformatics will result in more detailed knowledge of
the factors that determine the stability of secondary, tertiary and quaternary structures
of proteins, including those of allergens. This will allow the development of more
specific (physical) processing methods, that more selectively process (i.e. destroy)
allergenic structures. 
However, as also stated in Section 12.3.4.1, it is doubtful whether processing will
be sufficiently effective to completely remove allergenicity in all cases. In particular,
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the allergenicity of foods will be an important aid for the food processing industry to
safeguard integral production chains, from harvest, through storage to product devel-
opment. A better correlation of the results of these in vitro systems and analytical data
that are provided by, for example, skin prick tests or double-blind placebo-controlled
food challenge tests will strongly improve their predictive value. This correlation can
also be improved by application of the most suitable antibodies, e.g. pooled IgE-
containing sera, in such assay systems. 
Food markets are becoming increasingly consumer driven and the current desire to
have food products that better resemble fresh products stimulates the development of
a whole range of novel, minimal, processing techniques. Such minimal processing
may have a reduced capacity to change the structure of proteins, and thus their potential
allergenicity. Additionally, the current popularity of products that are obtained by
organic farming, together with the biological function of many allergens as pathogenesis-
related proteins, may also have impacts on the prevalence of allergies to plant-derived
foods. 
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